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Abstract 
 
Cadherins are cell-cell adhesion proteins that mediate cell recognition, segregation, and 
signaling in many tissues. Recent findings demonstrated that type I classical cadherin complexes 
are mechanosensitive. Mechanical forces in the tissue environment play a profound role in the 
growth, morphogenesis, and physiology of cadherin-expressing cells. In order to establish how 
force impinges on critical cell functions in healthy or diseased tissue, it is essential to determine 
the mechanisms by which mechanical force is transduced into biochemical signals. In this 
dissertation, I provide new mechanistic insights into how mechanics alters the organization and 
function of cadherin-dependent adhesions, which are essential intercellular adhesions in all 
tissues. First, studies examined the dependence of GTPase signaling, associated with 
mechanotransduction, on cadherin ligation. Dynamic fluorescence imaging examined Rac1 
activation at nascent cell-cell junctions, and revealed qualitative correlations between measured 
cadherin binding affinities and the signal amplitude triggered by cadherin ligation. Second, I 
examined the role of the cytosolic protein α-catenin in E-cadherin-based adhesion and 
mechanotransduction, using bead-twisting measurements in conjunction with confocal 
fluorescence imaging. These experiments revealed rapid, early molecular events in 
mechanotransduction and the rudiments of a mechanotransduction mechanism. I further 
investigated how internal contractile forces, regulated by the stiffness of the cell substrate, 
influence intercellular junction formation and signaling in endothelial monolayers. Finally, 
experiments focused on a more physiologically relevant problem: VE-cadherin-mediated 
mechanotransduction in human pulmonary endothelial cells. These studies established that VE-
cadherin complexes are mechanosensitive, and provides direct evidence that the associated 
mechanotransduction regulates both local cytoskeletal remodeling and global cell mechanics. 
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Moreover, studies revealed that cadherin adhesions across the cell monolayer form a 
mechanosensitive network that regulates endothelial integrity in response to mechanical stimuli. 
These results suggest that VE-cadherin mechanotransduction can significantly impact cell 
function not only at the single cell level, but also across the cell monolayer. These studies were 
followed by work examining a clinically relevant problem: how a disease-associated single 
nucleotide polymorphism (SNP) in cortactin, a cytoskeletal adaptor protein, affects the 
regulation of endothelial cell-cell junctions. Combined MTC and imaging experiments revealed 
insights into both the role of the cortactin SNP in VE-cadherin mechanotransduction, and the 
functional implications of VE-cadherin mechanotransduction. These findings have critical 
implications for endothelial homeostasis and disease. 
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Chapter 1: Introduction 
 
1.1 Overview of Cadherin Structure and Function 
 
Cadherin receptors mediate cell-cell adhesion and are essential for the formation, 
organization, and regulation of tissues and tissue barriers. Cadherin adhesions not only maintain 
the physical integrity of tissues but also are important signaling hubs that regulate diverse cell 
functions. Cadherins are differentially expressed throughout the lifespan of organisms. In 
embryonic development, cadherins mediate cell-cell recognition, cell sorting, and morphogenetic 
movement to form distinct tissues (1, 2). In mature tissues, cadherins regulate tissue architecture, 
facilitate cell-cell communication, and form physical barriers that separate body compartments. 
Cadherin mutations and abnormal cadherin expression and signaling are associated with human 
diseases, including skin, hair, and cardiovascular disorders, and cancer (3, 4). 
Cadherins are calcium-dependent proteins that mediate cell-cell adhesion through the 
formation of homophilic cadherin-cadherin bonds. They belong to a large superfamily of 
transmembrane glycoproteins, which is comprised of six major subgroups, including: classical 
(type I) cadherins, atypical (type II) cadherins, desmosomal cadherins, flamingo cadherins, and 
protocadherins (5). The classical cadherins are the most extensively studied, and their role in 
mediating cell-cell adhesion is well established (6, 7). Classical cadherins such as epithelial (E), 
neural (N), Xenopus cleavage stage (C), and placental (P)-cadherin are named after the tissue 
from which they were first isolated. Vascular endothelial (VE)-cadherin, classified as a type II 
cadherin because it lacks the HAV binding motif in the EC1 domain that is specific to type I 
cadherins, functions similarly to E-cadherin, both in its role regulating barrier integrity, and in 
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sharing similar signaling pathways. In this thesis, I examine the mechanobiology of type I 
classical E-cadherin and VE-cadherin complexes.  
Classical cadherins are comprised of five extracellular (EC) domains, a single-pass 
transmembrane domain, and a cytoplasmic tail (Fig. 1.1). The N-terminal extracellular domains, 
numbered EC1 through EC5, mediate adhesion to cadherins expressed on adjacent cells. Each of 
the four extracellular domain junctions contains binding sites for three calcium ions, which 
provide rigidity to the cadherin structure and are necessary for adhesive function (8, 9).  
The cadherin C-terminal cytoplasmic tail interacts with cytoplasmic proteins that 
facilitate cadherin-dependent signaling and interaction with the actin cytoskeleton. The most well 
known cytoplasmic binding proteins are α-catenin, β-catenin, γ−catenin, and p120-catenin. 
p120-Catenin binds directly to the juxtamembrane region of the cytoplasmic tail (10), and β-
catenin and γ−catenin bind directly to the distal tail region (11). β-Catenin interacts with α-
catenin, which does not interact directly with cadherins. Cadherins are indirectly linked to the 
actin cytoskeleton via α-catenin, an actin binding protein (12, 13). Signaling molecules and 
regulators of the actin cytoskeleton also interact with the cadherin cytoplasmic tail, and they will 
be further discussed in section 1.2.  
The prevailing view is that cadherins preferentially bind through homophilic interactions 
with identical cadherins expressed on neighboring cells. The interaction between N-terminal EC1 
domains is important for classical cadherin-dependent adhesion. Both type I and II cadherins 
have a conserved tryptophan at position 2 (W2) on EC1, and type II cadherins such as VE-
cadherin have an additional W4 on EC1. In crystal structures of the EC1-5 fragment of Xenopus 
C-cadherin (8), the EC1 fragment of N-cadherin (14, 15), and the EC1-2 fragment of E-cadherin 
(16-18), homophilic cadherin interactions were mediated by W2 which inserted into a conserved 
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hydrophobic pocket on the EC1 domain of an adjacent cadherin. A W2A mutation diminished 
cell-cell adhesion (19, 20). Biophysical studies showed that additional extracellular domains are 
likely involved in homophilic interactions between classical cadherins (21, 22). 
Homophilic VE-cadherin interactions, on the other hand, are less well understood, in part 
because no crystal structure is available; binding models were based on the known crystal 
structure of the entire C-cadherin extracellular domain (23). In one study using a recombinant 
bacterial VE-cadherin fragment of EC1-4, biochemical analyses combined with mass 
spectrometry identified the assembly of six protein fragments in solution as a hexameric complex 
(24). 3D reconstructions of electron micrographs were used to create a homology model (23) 
based on the known crystal structure of C-cadherin (8). This study suggested that the VE-
cadherin hexamers consisted of three antiparallel cadherin dimers, with each EC1 domain 
making contact, and the formation of trimeric interactions via the EC4 domains. Limitations of 
these studies reside in the nature of the recombinant VE-cadherin fragment, which lacked EC5 
and was a non glycosylated protein expressed in bacteria.  
In contrast, recombinant mouse VE-cadherin, containing EC1-5, formed dimeric 
structures with interactions between the EC1 and EC2 domains (25). This model resembles the 
molecular structure of C-cadherin (8). Additionally, glycosylation, such as occurs in mammalian 
cells, appears to ablate hexamer formation (26). 
An important function of cadherins is the regulation of cell-cell recognition and the 
segregation or sorting of cells away from each other during development (2, 27). When E-
cadherin and P-cadherin expressing cells were mixed in suspension, aggregates comprised of 
cells expressing only one type of cadherin formed (2). Cell sorting specificity in vitro is 
determined by the EC1 domain. Exchanging the EC1 domain of E-cadherin with that of P-
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cadherin altered the sorting specificity; cells expressing the E-cadherin chimera intermixed with 
P-cadherin expressing cells (28). This early in vitro work suggested that differential classical 
cadherin expression drives cell sorting in morphogenesis. However, in vivo, the role of 
differential cadherin binding in cell sorting is not clear. Other factors such as cell mechanics 
affect cell shape and tissue organization (29-31), and cadherin-dependent intracellular signaling 
through Rho GTPases and α-catenin affects cytoskeletal organization (32-34). In Chapter 2 of 
this thesis, I addressed these questions by investigating the impact of differential cadherin 
binding on cell sorting specificity and cadherin-dependent intracellular signaling.    
Another crucial function of cadherins is the maintenance and regulation of junction 
integrity, which controls barrier function, and more broadly, tissue integrity. When Xenopus 
embryos expressed a mutant form of N-cadherin lacking the extracellular domain, cell-cell 
adhesion was abolished (35)..Moreover, antibodies against VE-cadherin disrupted cell-cell 
adhesion both in vitro and in vivo. When injected intraperitoneally, they caused subcutaneous 
hemorrhage and death in mice (36), and when injected intravenously they caused increased 
vascular permeability in mouse heart and lungs, resulting in increased interstitial edema and 
infiltration of inflammatory cells (37). 
 
1.2 The Cytoskeleton, Signaling, and Regulation of Cadherin Adhesions 
 
Although the cadherin extracellular domain mediates cell-cell adhesion, the cytoplasmic 
domain plays an important role in regulating intracellular signaling that affects organization of 
the actin cytoskeleton. Actin-dependent cell mechanics and associated signaling, in turn, regulate 
cadherin adhesions. In this section, I focus on cadherin-actin interactions and the functional 
impact on cytoskeletal organization and cell mechanics.  
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Actin cytoskeletal assembly and disassembly is a dynamic process crucial for cell 
motility, cell shape, and the generation of mechanical force. Actin polymerization occurs at 
cadherin adhesions (38), and regulators of the actin cytoskeleton are recruited to cadherin 
adhesions to remodel actin locally. In order to generate actin filaments, the Arp2/3 (actin-related 
proteins 2 and 3) complex catalyzes the nucleation of filaments at the pointed ends to facilitate 
growth at the barbed ends (39). When E-cadherin based cell-cell contacts formed, Arp2/3 
associated with E-cadherin (40). 
 Numerous actin-binding proteins such as α-catenin, vinculin, and cortactin affect 
cadherin adhesions. α-Catenin associates with the cadherin cytoplasmic domain via β-catenin 
(33) and binds directly with actin (41). α-Catenin-mediated linkage between cadherins and the 
actin cytoskeleton regulates cadherin adhesions (42, 43). α-Catenin also regulates actin dynamics 
by inhibiting actin related proteins 2 and 3 (Arp2/3)-mediated actin bundling (33). 
Vinculin is an actin binding protein, and it interacts with Arp2/3 (44). It is involved in 
mechanically sensitive, integrin-mediated adhesion to the extracellular matrix (45). However, 
vinculin also localizes at cadherin-based adhesions (46) and is recruited to mechanically stressed 
E-cadherin junctions (47) by an α-catenin dependent mechanism (48-50). Vinculin depletion 
disrupted E-cadherin based cell-cell adhesion (51). 
Cortactin promotes and stabilizes actin filament branching through its interaction with 
Arp2/3 and other actin regulators such as N-WASP (Neural Wiskott-Aldrich syndrome protein) 
(52-54). The cortactin structure (Fig. 1.2) has binding sites for multiple signaling proteins, 
including Src and c-Abl kinases, which phosphorylate cortactin to alter its association with actin-
regulatory proteins and thus actin remodeling (55, 56). Endothelial barrier regulatory stimuli 
associated with cytoskeletal remodeling, including thrombin and sphingosine-1-phosphate (S1P), 
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increase cortactin phosphorylation (57). Cortactin associates with cadherin complexes (58, 59) 
and is involved in intercellular adhesion strengthening (58, 60). Specifically, cadherin ligation 
triggered cortactin recruitment to cell-cell contacts, where it localized with Arp2/3 (59). The 
recruitment of cortactin to the cell membrane depends on Rac1 activation (61). Moreover, 
cortactin plays an important role in maintaining junction integrity. In mice, cortactin deficiency 
increased vascular permeability (62).  
Finally, various signaling molecules that regulate the actin cytoskeleton are found at 
cadherin adhesions (Fig. 1.3). Perhaps the most well known of these are the Rho family GTPases, 
which include Rho, Rac, and Cdc42 (63). In epithelial cells, these GTPases are involved in the 
formation and regulation of E-cadherin-based adhesions (64-66). Rac1 activation leads to 
Arp2/3-mediated actin branching and promotes the formation of membrane ruffles and 
lamellipodia. Cdc42 activation promotes the formation of filopodia, and RhoA activation 
promotes the formation of stress fibers and focal adhesions (67). The Rho family GTPases act 
like molecular switches that alternate between active GTP-bound and inactive GDP-bound forms. 
Although activation to the GTP-bound form is catalyzed by guanine nucleotide exchange factors 
(GEFs), inactivation of the GTP-bound GTPase to allow hydrolysis of GTP to GDP is catalyzed 
by GTPase-activating proteins (GAPs). The active GTP-bound state facilitates downstream 
signaling through the interaction with various effector proteins (63).  
The link between cadherin ligation and Rho GTPase activation may vary depending on 
the context, cell type, and cadherin subtype. For example, homophilic E-cadherin ligation 
triggered activation of Rac1 but suppressed RhoA activity (68). On the other hand, homophilic 
N-cadherin ligation in C2C12 myoblasts increased RhoA activation but diminished Rac1 activity 
(69, 70). The antagonism between Rac1 and RhoA is regulated by p120-catenin via its effector 
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p190RhoGAP (71). p190RhoGAP inhibited Rho activation when Rac was activated by cadherin 
ligation (68). Furthermore, Rho GTPases were differentially activated at developing E-cadherin 
adhesions. Active Rac1 localized to nascent intercellular contacts and was later replaced by 
active RhoA to drive the completion of cell-cell adhesion (72). In summary, cadherin ligation 
can regulate cell-cell adhesion and junction integrity via the cytoskeletal regulatory GTPases.    
 
1.3 Mechanotransduction by Cell Adhesion Receptors 
 
Cells sense mechanical cues from their environment through cell surface adhesion 
proteins and convert them into biochemical signals, triggering changes in the mechanical 
properties of cells themselves or in molecular signaling events. Cell surface adhesion proteins 
such as integrins and cadherins are well positioned to sense mechanical changes in the cell 
environment, and their connection to the actin cytoskeleton facilitates transmission of 
mechanical stress from cell-cell and cell-matrix adhesions (Fig. 1.4).   
Studies of mechanotransduction have largely focused on integrins, which are cell surface 
adhesion receptors that bind to the extracellular matrix (73). Cells respond to underlying matrix 
rigidity via integrin-dependent signaling to alter cell contractility and differentiation (74, 75). 
Cells adhering to stiffer extracellular matrix exhibit increased assembly of focal adhesions, 
which are specialized adhesion complexes that comprise extracellular matrix proteins (collagen, 
fibronectin, laminin, vitronectin, proteoglycans), integrins, and cytoplasmic focal adhesion 
plaques (containing α-actinin, vinculin, paxillin, talin) (75, 76). Integrins link to the actin 
cytoskeleton through focal adhesion complexes and propagate mechanical signals globally 
through the cytoskeleton (76-78). 
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Cellular force sensation via adhesion molecules is typically studied with magnetic 
twisting cytometry (MTC) or optical tweezers. Using MTC, Wang and Ingber first demonstrated 
that mechanical stress applied to integrin receptors caused force-dependent cell stiffening and 
focal adhesion formation (79). Choquet et al used optical tweezers to probe integrin linkages and 
found that integrin adhesion strength increased proportionally with the restraining force on the 
bead (80). These techniques reveal active cellular changes in integrin-mediated junctional 
mechanics triggered by local perturbations via cell surface molecules.  
 Later studies established that cadherin complexes are also mechanosensitive (81, 82). 
Similar to integrins, cadherins are linked to the actin cytoskeleton via complexes that bind to its 
cytoplasmic domain. Using MTC, Le Duc et al directly showed that type I classical cadherin 
complexes are tension sensors (47). In those studies, mechanical stress applied to E-cadherins 
expressed on epithelial cells generated proportional cell stiffening responses dependent on actin 
polymerization and myosin activity. Furthermore, cadherin bond shear triggered vinculin 
recruitment to cadherin adhesions (83, 84). These novel findings demonstrate that cadherins, like 
integrins, are crucial mechanical and signaling centers in the cell. These observations are further 
supported by studies using traction force microscopy to demonstrate that cadherin-based traction 
forces increased with substrate rigidity (85, 86).  
Of the proteins associated with cadherins, α-catenin was recently identified as the 
proposed force sensor (Fig. 1.5) (48). α-Catenin is present in both type I and type II cadherin 
complexes and mechanically links cadherins to the actin cytoskeleton through its interactions 
with β-catenin and actin (42, 43). Yonemura et al first demonstrated that α-catenin induced 
vinculin recruitment to cadherin adhesions when intercellular junctions were exposed to myosin 
II activity-dependent tension (48). Myosin II inhibition with blebbistatin abolished vinculin 
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accumulation at cadherin junctions. Force-dependent vinculin accumulation required the 
vinculin-binding region of α-catenin. Thus, Yonemura proposed that mechanical force stretches 
the α-catenin molecule and exposes its vinculin-binding region, which then recruits vinculin and 
actin to cadherin junctions (Fig. 1.5).  
In the studies of cadherin-dependent force transduction, force generated from myosin II 
activation was applied intracellularly to α-catenin, through actin filaments. The question remains 
whether force applied directly to cadherin receptors, such as forces exerted by neighboring cells, 
is transmitted through the cadherin-catenin complex and induces the same mechanism. Such 
studies would directly test cadherin-based mechanotransduction behaviors such as adhesion 
strengthening and molecular remodeling of cadherin junctions. I address these questions in 
Chapter 3 of this thesis.   
 Unlike type I classical cadherin complexes, the capacity of VE-cadherin complexes to 
directly sense mechanical tension is unclear, and other adhesion receptors may be involved in 
endothelial cell responses to mechanical stress. Endothelial cell-cell junctions are mechanically 
responsive. The tugging force at endothelial cell-cell adhesions required coupling between VE-
cadherin and the actin cytoskeleton, and the size of junctions, measured by the area of β-catenin 
staining, increased with tugging force (87). When fluid shear stress was applied nonspecifically 
across the apical endothelial cell surface, the alignment of actin filaments in the direction of flow 
required expression of both VE-cadherin and platelet endothelial cell adhesion molecule-1 
(PECAM-1), another homophilic cell-cell adhesion molecule (88). Downstream flow-induced 
signaling was mediated by a complex of PECAM-1, VE-cadherin, and vascular endothelial 
growth factor (VEGF) receptor 2, but PECAM-1 was identified as the mechanotransducer 
because application of mechanical force through antibody coated magnetic beads bound 
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specifically to PECAM-1 receptors triggered activation of phosphatidylinositol-3-OH kinase 
(PI3K) and integrins around the anti-PECAM-1 antibody coated beads (88, 89). Application of 
force through anti-VE-cadherin antibody coated beads had no effect on activation levels (88). It 
is important to note that in these studies, mechanical manipulation of adhesion receptors was 
applied through antibodies. Leckband et al demonstrated the requirement of homophilic cadherin 
adhesion for type I classical cadherin-dependent mechanotransduction (90). I investigate whether 
PECAM-1 and VE-cadherin mechanotransduction is ligand specific in Chapter 4 of this thesis. 
 
1.4 Mechanical Regulation of Endothelial Adherens Junctions in Health and Disease 
 
All blood vessels are lined with an endothelial monolayer that forms a dynamic cellular 
barrier that regulates fluid and nutrient flux between the blood and interstitial space. The 
endothelium serves a critical role in the regulation of vascular smooth muscle tone, inflammatory 
responses, angiogenesis, and tissue fluid homeostasis (91). Interendothelial adhesions are 
comprised of adherens junctions, and VE-cadherin, the major adhesive protein at these junctions, 
is required for vascular barrier integrity (92-95). Studies in Chapters 4-6 of this thesis focus on 
endothelial cell mechanics and the regulation of VE-cadherin based adhesions.  
Endothelial cells sense and respond to mechanical forces in their environment, and 
mechanotransduction is a significant mechanism in vascular physiology and disease (96, 97). 
The development of blood vessels during embryogenesis requires fluid shear stress (98). On the 
other hand, localized disturbances in blood flow promote atherosclerosis, a disease in which the 
arterial wall thickens at distinct sites (99). Furthermore, increased stiffness of aged arteries 
disrupts cell-cell junctions and increases vascular permeability (100). 
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The pulmonary endothelium functions in a dynamic mechanical environment as a result 
of lung perfusion and ventilation. The pulmonary endothelium experiences shear stress, applied 
by blood flow on the luminal endothelial surface, and stretch, which results from dilation of the 
inner vascular wall or extension of the endothelial monolayer. Excessive increases in mechanical 
forces can result in structural and functional impairment of the pulmonary endothelium. For 
example, mechanical ventilation at high tidal volumes can disrupt the alveolar-capillary barrier, 
increase endothelial permeability, and promote inflammatory responses in ventilator-induced 
lung injury (VILI) (101-104).  
Notably, acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is a complex 
condition associated with molecular, cellular, and biomechanical defects. ALI affects 
approximately 100,000-150,000 patients each year in the United States and results in impaired 
function and quality of life, often resulting in respiratory failure and death in 40% of patients 
(105). Current treatment is limited to nonspecific supportive care, which typically involves 
mechanical ventilation for respiratory failure (105). One of the earliest events in ALI is the 
disruption of endothelial cell-cell junctions, marked by the loss of VE-cadherin from the cell 
membrane and the formation of gaps between endothelial cells. Persistent adherens junction 
disruption leads to vascular leakage and edema into surrounding tissues (93, 106).  
Disparities in ALI risk, response to mechanical ventilation, and outcomes suggest a 
genetic contribution to ALI susceptibility and severity. Using genetic association studies, Garcia 
and Dudek identified one SNP in cortactin (Ser484Asn) that confers a high genetic susceptibility 
to inflammatory lung disorders associated with endothelial dysfunction (107). Cortactin is a 
cytoskeletal effector protein that regulates cell mechanics and cell-cell junctions, yet the 
functional implications of the cortactin SNP have not been established. Determining the role of 
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the cortactin SNP in the regulation of endothelial cell-cell junctions could identify novel 
therapeutic strategies for ALI, a condition with unacceptably poor outcomes and lacking any 
specific treatments. 
 
1.5 Questions Addressed in this Thesis 
 
 In this thesis, I provide new insights into the role of mechanics in the regulation of 
cadherin-mediated cell-cell adhesion. Studies in Chapters 2-3 examined type I classical cadherin 
adhesions, and Chapters 4-6 focus on the regulation of type II VE-cadherin adhesions in 
endothelial cells.  
In Chapter 2, studies assessed the impact of cadherin binding differences on cell sorting 
specificity and intracellular signaling. Experiments used CHO cells expressing three different C-
cadherin constructs bearing mutations at the W2 binding pocket. Cadherin binding differences 
were compared with dynamic fluorescence imaging of Rac1 activation and biochemical assays 
assessing RhoA activation to investigate both qualitative and quantitative correlations between 
cadherin-dependent signaling and binding differences. Not only did mutations at the cadherin 
extracellular domain affect cell-cell adhesion and cell sorting, but they also affected intracellular 
signaling. Importantly, results of cadherin-dependent activation of Rho GTPases, which regulate 
the actin cytoskeleton and are involved in cell mechanics, were the basis for further studies 
explored in subsequent chapters.  
 In Chapter 3, studies using magnetic twisting cytometry enabled direct mechanical 
manipulation of E-cadherin bonds to identify active cadherin-dependent mechanical responses. 
In conjunction with confocal imaging of mechanically perturbed cadherin junctions, these 
experiments revealed rapid, early molecular events in cadherin-based mechanotransduction. 
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Furthermore, experiments using cells expressing a mutation in the cytosolic protein α-catenin 
revealed mechanistic insights into cadherin mechanotransduction.  
Chapter 4 extends techniques developed in Chapter 3 to investigate whether VE-cadherin 
complexes are mechanosensitive, which was unclear based on prior studies that indirectly 
applied mechanical force to VE-cadherin junctions using a fluid shear stress model. Highly 
sensitive MTC measurements combined with confocal imaging were used to quantify rapid 
changes in force-dependent VE-cadherin junction remodeling, as well as molecular changes 
localized specifically at VE-cadherin junctions. These experiments provide the first evidence that 
VE-cadherin complexes are force sensitive, and associated mechanotransduction propagates 
through the endothelial cells to remodel VE-cadherin junctions at a distance.  
In Chapter 5, I investigated how cell-generated contractile forces, influenced by matrix 
mechanical properties, regulate endothelial cell-cell junctions. Biochemical and imaging studies, 
performed with cells grown on polyacrylamide substrates that mimic the mechanical properties 
of the cell environment, identified a role for focal adhesion kinase (FAK) and Rho GTPases in 
coupling matrix rigidity sensing and the regulation of endothelial cell-cell junctions.  
Studies in Chapter 6 used cells expressing a disease-associated single nucleotide 
polymorphism (SNP) in cortactin, a cytoskeletal adaptor protein, to examine the relationship 
between mechanical behavior observed in Chapter 4 and human disease. It is unknown how the 
cortactin SNP affects the regulation of endothelial cell-cell junctions. Combined MTC and 
imaging experiments revealed insights into the role of the cortactin SNP in VE-cadherin 
mechanotransduction, as well as the functional implications of VE-cadherin 
mechanotransduction.   
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1.6 Figures 
 
 
 
Figure 1.1. Classical cadherin structure and association with catenins. The extracellular 
region is comprised of five extracellular domains, numbered EC1-EC5. p120-Catenin binds to 
the juxtamembrane region of the cytoplasmic tail, and b-catenin binds to the distal tail region. α-
Catenin links cadherins to the actin cytoskeleton through its interaction with β-catenin.  
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Figure 1.2. Structure of cortactin protein. Cortactin binds actin as well as actin-regulatory 
proteins. Regulatory phosphorylation sites are marked with triangles (red: Ser/Thr, yellow: Tyr). 
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Figure 1.3. Regulation of actin at cadherin adhesions. Cadherin ligation triggers Rac 
activation, which mediates cortactin recruitment to the cell membrane. Arp2/3-mediated actin 
branching is stabilized by its association with cortactin. p120-Catenin inhibits Rho activation via 
p190RhoGAP. Rho activation promotes the formation of actin stress fibers.  
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Figure 1.4. Mechanotransduction by cell adhesion receptors. Cells sense and respond to 
extracellular mechanical forces such as fluid shear stress, matrix rigidity, or tugging forces from 
neighboring cells. Integrins and cadherins mediate cell-matrix and cell-cell adhesion, 
respectively. PECAM-1 also mediates cell-cell adhesion in endothelial cells. At these sites, 
mechanical signals are transduced to intracellular signaling cascades that impact cell functions. 
Arrows represent force vectors.      
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Figure 1.5. Proposed mechanism of force-induced vinculin recruitment to cadherin 
complexes. Mechanical force stretches a-catenin and exposes the vinculin-binding domain, 
which facilitates vinculin attachment. Both a-catenin and vinculin bind actin filaments. Forces at 
cadherin complexes could be applied directly through cadherin junctions or indirectly, through 
actomyosin.  
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Chapter 2: Cadherin Point Mutations Alter Cell Sorting and 
Modulate Rac1 Signaling1 
 
2.1 Introduction 
 
Cadherins are cell-cell adhesion proteins that mediate cell recognition, segregation, and 
signaling in many tissues (108, 109). The biochemical and biophysical mechanisms of cadherin-
dependent cell sorting are largely unclear. In vitro studies suggested that cell sorting depends on 
both the identities and surface densities of the expressed cadherin subtypes (110-112).  
The cadherin ectodomain plays an important role in cell sorting. The tryptophan at 
position 2 (W2) on the first extracellular domain (EC1) inserts into a hydrophobic pocket on the 
EC1 domain of the adjacent cadherin. This was shown in structures of complexes of the 
extracellular segment of Xenopus C-cadherin (8) and truncated fragments of N-cadherin (14, 15) 
or E-cadherin (16-18). Cadherin adhesion and sorting are altered by mutations in the W2 binding 
pocket. Exchanging the N-terminal domain of E-cadherin with that of P-cadherin, or substituting 
residues 78 and 83 on mouse E-cadherin with the corresponding P-cadherin sequence altered the 
sorting specificity of cells expressing the E-cadherin mutants (28). The A78M mutation 
abolished N-cadherin function (20).  
The role of differential cadherin binding in cell sorting in vivo is not clear. Cell 
mechanics impacts cell shape and tissue organization (29-31), and cadherin binding differences 
could alter cell mechanics by regulating cytoskeletal organization through Rho GTPases and α-
                                                
1 Adapted, with permission, from H. Tabdili, A.K. Barry, M.D. Langer, Y.H. Chien, Q. Shi, K.J. 
Lee, S. Lu, D.E. Leckband, “Cadherin Point Mutations Alter Cell Sorting and Modulate GTPase 
Signaling,” Journal of Cell Science, 2012, 125 (Pt 14): 3299-3309. 
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catenin (32-34). Cadherin-dependent signaling, which may be related to binding properties, 
regulates fundamental cell functions including cell cycle progression and differentiation (113, 
114). Altered cadherin adhesion and signaling is associated with pathology and further supports 
the role of cadherin binding differences in important cell functions. Compromised cadherin-
dependent Rho GTPase signaling is associated with a diverse range of diseases including 
metastatic cancer. In addition, mutations in the extracellular domains of cadherins have been 
identified in cardiac, retina, and skin disorders. 
Chinese Hamster Ovary (CHO) cells that express the same densities of Xenopus C-
cadherin (C-CHO) and chicken N-cadherin (N-CHO) sort out in both hanging drops and in 
agitated cell suspensions (115). This study characterized three Xenopus C-cadherin EC1 
mutations to corresponding chicken N-cadherin amino acid sites: K8NS10P, S78A, and M92I. 
These C-cadherin mutants were generated based on sequence differences between amino acids 
near docked W2 in the hydrophobic pocket of N-cadherin. The K8NS10P double mutant 
potentially alters the docked W2 orientation (116). The other two mutations, S78A and M92I, 
involve more polar residues lining the W2 binding pocket that were postulated to play a greater 
role in modulating the binding affinity (117).  
In this chapter, I characterized the impact of C-cadherin binding site mutations on cell 
sorting specificity and determined the relationship between cadherin adhesive differences and 
GTPase signaling. Cell sorting was studied using the hanging drop method, and cadherin 
ligation-dependent Rac1 and RhoA activation was assessed using both dynamic fluorescence 
imaging and quantitative biochemical assays.  
 
2.2 Materials and Methods 
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Cell Lines, Proteins, and Plasmids 
 
The cDNAs for the full length Xenopus C-cadherin and the C-cadherin W2A mutant in 
pEE14 plasmids were gifts from B. Gumbiner (University of Virginia, Charlottesville, VA). The 
cDNA encoding the full-length chicken N-cadherin in the pEGFP-N1 plasmid was from Dr. 
Andre Sobel (Institut du Fer a Moulin; Gif-sur-Yvette, France). These plasmids were transfected 
into Chinese Hamster Ovary (CHO-K1) cells using Lipofectamine2000 (Invitrogen, Carlsbad, 
CA). CHO-K1 cells stably expressing the full length C-cadherin were selected as described (118). 
CHO-K1 cells expressing the full-length chicken N-cadherin were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) containing 10 v/v% FBS and 400 µg/ml G418 (Sigma-
Aldrich, St Louis, MO). For live-cell imaging experiments, CHO cell lines were transfected with 
a plasmid encoding YFP-PBD-PAK (from Yingxiao Wang, University of Illinois, Urbana, IL) 
using Fugene 6 (Roche, IN). The YFP-PBD-PAK construct contains the YFP-tagged p21 binding 
domain (PBD) of p21-activated kinase (PAK). At 12 hours after transfection, cells were plated at 
low confluence on 35 mm glass bottom dishes (Cell E&G) coated with 20 µg/ml fibronectin 
(Sigma-Aldrich, St. Louis, MO). 
 
Fluorescence Activated Cell Sorting (FACS) 
 
Cadherin surface expression levels were quantified by flow cytometry (119, 120). Cells 
were labeled with protein-specific antibodies against the ectodomains. C-cadherin expressing 
cells were labeled with anti-C-cadherin antibody (C/EP/B-Cadherin (clone xC-12), Santa Cruz 
Biotechnology, Santa Cruz, CA) followed by fluorescein isothiocyanate (FITC)-conjugated anti-
goat IgG secondary antibody (whole molecule; Sigma-Aldrich, St Louis, MO). Chicken N-
cadherin was detected with monoclonal mouse anti-N-cadherin (Clone GC-4, Sigma-Aldrich, St 
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Louis, MO) and fluorescein-isothiocyanate (FITC)-conjugated anti-mouse IgG (whole molecule; 
Sigma-Aldrich, St Louis, MO). Antibody labeling was performed in phosphate buffered saline 
(PBS) containing 1 w/v% bovine serum albumin (BSA) at pH 7.4. The fluorescence intensities of 
labeled cells were measured with an LSR II flow cytometer (BD Biosciences) (121). The 
fluorescence intensity calibration curve was obtained with calibrated FITC-labeled standard 
beads (Bangs Laboratories, Inc., Fishers, IN) (121). 
 
In vitro Cell Sorting Assay (Hanging Drop) 
 
The hanging drop method for studying cell sorting behavior has been described 
previously (122). Briefly, cells with cadherin expression levels within 15% of each other were 
labeled with DiI or DiO dyes (Molecular Probes, Eugene, OR) by incubating 80% confluent 
monolayers with growth medium supplemented with 5 µl/ml of the appropriate dye for 60 
minutes. After washing to remove excess dye, cells were detached with 0.01% in trypsin in 
Hank’s Balanced Salt Solution (HBSS) (Invitrogen, Carlsbad, CA) supplemented with 2 mM 
CaCl2 (111). Cells were resuspended in HBSS with 2 mM CaCl2 and 5 v/v% FBS at 1 x 106 
cell/ml. A 10 µl aliquot of each of the two cell suspensions was mixed on the lid of a 10 cm petri 
dish, inverted over a dish containing 10 ml of PBS (Invitrogen, Carlsbad, CA). After incubating 
the hanging drops in an incubator at 37°C under 5% CO2, cell aggregates were imaged after 24 
and 48 hours under a 10x objective with a Zeiss Axiovert 200 inverted fluorescence microscope 
equipped with a Zeiss Axiocam MR camera. In order to quantify cell sorting, at least 50 
aggregates of three or more cells were scored as containing red cells, green cells, or both red and 
green cells (123). 
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RhoA Activation Assay 
 
Ligation-activated RhoA-GTP was quantified following cadherin activation with a 
calcium switch with a commercial G-LISA kit (BK 124; Cytoskeleton, Denver, CO). Confluent 
cells in 10 mm petri dishes were serum starved for 24 hours before addition of 4 mM EGTA, 
which disrupts cell-cell junctions (34). After a one hour incubation with EGTA, the medium was 
exchanged with medium containing 1.8 mM calcium, but lacking serum. Duplicate samples were 
analyzed at t = 0, 45, and 90 minutes. After specific time periods, plates were immediately 
treated with ice-cold lysis buffer. Cell lysates were scraped into Eppendorf tubes and clarified by 
centrifugation before snap-freezing in liquid nitrogen. Lysates at t = 0 minutes were prepared by 
re-suspending cells in lysis buffer. 
The protein concentration in the cell lysates was normalized to the t = 0 minute sample, 
and equal amounts of total protein were incubated in duplicate in a 96-well GLISA assay plate. 
RhoA-GTP levels were determined with a microplate spectrophotometer (Molecular Devices 
SpectraMax M2). The change in RhoA-GTP was normalized relative to the corresponding zero 
time point samples.  
 
Live Cell Imaging of GTPase Signaling 
 
Prior to imaging, cell-cell junctions were disrupted by incubation for 4-6 hours at 37°C 
with calcium-free culture medium without phenol red (32, 34). Live cell imaging was performed 
at 37°C with a Nikon Eclipse Ti inverted microscope equipped with a cooled charge-coupled 
device camera (QuantEM 512SC; Photometrics) using MetaFluor 6.2 software (Universal 
Imaging). Time-lapse images were acquired every 1-2 minutes using a 40x or 100x oil objective 
lens (Nikon). When switching to the calcium-containing medium, imaging was paused to allow 
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replacement of calcium-free medium with standard medium containing 1.8 mM calcium without 
phenol red. To inhibit Rac1, cells were incubated with 50 µM of sterile NSC 23766 (Tocris 
Bioscience, Ellisville, MO) for 12 hours at 37°C (124). The Rac1 inhibitor was added to the 
calcium-containing medium used for the calcium switch imaging experiments. 
Image processing and the creation of time-lapse movies were performed with MetaMorph 
software (Universal Imaging). In order to quantify YFP-PBD-PAK at cell-cell junctions, the 
background-subtracted mean fluorescence intensity (MFI) of YFP within the maximal area of a 
single junction was recorded using ImageJ64 software (National Institutes of Health, USA). Only 
two cells in contact were examined so that a single cell-cell junction could be clearly defined for 
analysis. In order to correct for differences in transfection efficiency, each trace was normalized 
to the average basal fluorescence intensity before calcium stimulation. The normalized YFP 
intensity at cell-cell junctions was plotted against time using the spline interpolation feature, and 
curves were smoothed by loess, provided in MatLab software (Mathworks). The standard error 
of the interpolated mean value was calculated using the Excel function, and a two-tailed 
student’s t-test determined whether detected differences were statistically significant.  
 
2.3 Results 
 
2.3.1 Specificity of Cadherin Adhesion: Results of In Vitro Cell Sorting Assay 
 
Cell clones expressing the C-cadherin mutations K8NS10P, S78A, or M92I were selected 
according to cell surface expression level, by quantitative FACS. The in vitro cell sorting assay 
requires cell populations that express similar cadherin surface densities. The following cell 
clones were selected for these studies (cadherin surface densities in parentheses): WT C-cadherin 
(18/µm2), K8NS10P (20/µm2), S78A (22/µm2), M92I (19/µm2), and WT N-Cadherin (16/µm2). 
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The expression levels of WT and mutant C-cadherins were quantified by FACS measurements 
using antibodies against the ectodomains. 
The in vitro hanging drop assays (125) revealed that C-CHO cells sorted out from N-
CHO cells (Fig. 2.1A,E), when both surface expression levels of cadherin and cell densities (106 
cells/ml) were similar (115). The K8NS10P mutant did not affect cell sorting relative to WT C-
cadherin; cells expressing K8NS10P sorted from N-CHO cells but intermixed with C-CHO cells 
(Fig. 2.1B,C,E). By contrast, the S78A mutation completely switched the sorting specificity, 
such that cells expressing S78A sorted from WT C-CHO cells but intermixed with WT N-CHO 
cells (Fig. 2.1B,C,E). M92I cells intermixed with both C-CHO and N-CHO cells (Fig. 2.1B,C,E). 
The Rac1 inhibitor NSC 23766 did not affect the sorting outcomes (Fig. 2.1D). Although the 
mechanisms and parameters determining the hanging drop assays are not defined, the results 
presented here identify cadherin differences.  
 
2.3.2 Cadherin Ligation-Dependent Rac1 Signaling 
 
In order to study the impact of cadherin adhesive differences on signaling, I performed 
dynamic fluorescence imaging of Rac1-GTP accumulation at nascent cell-cell junctions. These 
studies quantified the localization of the YFP-PBD-PAK reporter for active Rac1 (or Cdc42) at 
junctions between cells expressing WT C-cadherin, K8NS10P C-cadherin, S78A C-cadherin, or 
WT N-cadherin, following a calcium switch. These experiments tested homophilic cadherin 
ligation. The signal amplitude was greater and persisted longer at C-CHO compared to N-CHO 
cell-cell junctions (Figs. 2.2, 2.3A,B). Differences in YFP-PBD-PAK accumulation at these 
junctions were significant (p < 0.05) at 40 minutes after calcium stimulation (Fig. 2.3B). In 
addition to diminished signal amplitudes, N-CHO cells exhibited more extensive ruffling and 
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increased motility. Treatment with NSC 23766, which inhibits Rac1 without affecting Cdc42 or 
RhoA (124), abolished YFP-PBD-PAK localization, confirming that YFP-PBD-PAK 
localization in these experiments reflects Rac1 rather than Cdc42 activity (124).   
The K8NS10P mutant triggered greater YFP-PBD-PAK accumulation at junctions than 
the S78A mutant or N-CHO. At 40 minutes, the intensity was less than C-CHO (Figs. 2.2, 2.3B). 
By contrast, the S78A mutant exhibited only transient increases in junctional YFP-PBD-PAK 
(Figs. 2.2, 2.3A). Rac1 activity extended throughout the intercellular junction, but YFP-PBD-
PAK localization did not persist over the time-lapse measurement. Signal amplitudes were 
significantly diminished (p < 0.05) in the S78A mutant compared to C-CHO cells, 40 minutes 
after calcium stimulation (Fig. 2.3B). Both N-CHO cells and the S78A mutant displayed less 
stable junctions than C-CHO cells. Junction persistence was reduced or even abolished during 
observations, as some cell pairs separated from each other. Similarly, at 40 minutes, the Rac1 
activity in the S78A mutant was not statistically different than N-CHO. 
These dynamic imaging studies demonstrated that cadherin junctions are loci of Rac1 
activation.  
 
2.3.3 Ligation-Dependent RhoA Activation 
 
Various reports suggest that RhoA and Rac1 activation have antagonistic effects (126, 
127). To examine the impact of homophilic cadherin ligation on RhoA activation, global RhoA-
GTP levels were quantified from confluent cell monolayers following a calcium switch. Both 
cells expressing WT C-cadherin or K8NS10P C-cadherin, which sorted similarly (Fig. 2.1E), did 
not activate significant levels of RhoA-GTP (Fig. 2.4). By contrast, formation of N-cadherin 
cell-cell junctions increased RhoA-GTP 2.5-fold, 90 minutes after calcium addition. The S78A 
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mutant activated similar RhoA-GTP levels to N-CHO cells, but with slower kinetics. This 
similar behavior is consistent with the results from the Rac1 signaling experiments. Moreover, 
the inverse correlation between Rac1 and RhoA activation levels is consistent with previous 
reports.   
 
2.4 Discussion 
 
This study identified C-cadherin binding site mutations that switched cell sorting 
specificity, and it demonstrated that differential cadherin binding modulates GTPase signaling. 
Stable cell lines were engineered to stably express point mutations in the first extracellular 
domain of C-cadherin. The K8NS10P mutant intermixed with WT C-cadherin expressing cells, 
while the S78A mutation switched the sorting specificity, such that cells expressing S78A sorted 
out from WT C-cadherin expressing cells but intermixed with WT N-cadherin expressing cells. 
Dynamic fluorescence imaging examined Rac1 activation at nascent cell-cell junctions, based on 
the accumulation of a fluorescent Rac1 reporter at the junctions. Dynamic fluorescence imaging 
revealed qualitative correlations between the differential cell sorting behavior and the signal 
amplitude triggered by cadherin ligation. These results were also supported by biochemical 
assays quantifying cadherin ligation-dependent RhoA activity.  
These findings establish an important link between cadherin binding site mutations and 
quantitative differences in cadherin adhesion and signaling. Further, this study demonstrates a 
connection between differential cadherin binding and the regulation of actin organization 
through GTPase signaling. Cadherin-dependent GTPase activation plays a role in major cell 
functions such as cytoskeletal regulation (128) and cell cycle control (129). Impaired cadherin-
dependent signaling may lead to structural and functional defects in tissues and organs, 
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contributing to disease progression. For example, the E-cadherin exon-8 deletion is associated 
with human gastric and breast cancers, and it reduces Rac1 signaling, with a corresponding 
increase in RhoA activity (130). The results of this study suggest that cadherin binding 
differences, through downstream effects on adhesion and signaling, could have broader 
influences on physiological and mechanical cell behaviors.  
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2.5 Figures 
 
 
Figure 2.1. In vitro cell sorting (hanging drop) assay. Cells expressing the different C-
cadherin mutants were intermixed with an equal number of CHO cells expressing either WT C-
cadherin (C-CHO) or WT N-cadherin (N-CHO). (A) Different combinations of C-CHO and N-
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CHO cells. (B) C-CHO cells mixed with cells expressing different C-cadherin mutants. (C) N-
CHO cells mixed with cells expressing different C-cadherin mutants. The cells expressing the 
different cadherin variants were labeled with DiI (red) and the cells expressing C-CHO or N-
CHO were labeled with DiO (green). (D) The Rac1 inhibitor NSC23766 did not affect the 
intermixing of C-CHO (top) or the segregation of N-CHO and C-CHO cells (bottom). Scale bars 
represent 100 µm. (E) Quantitative cell sorting data. More than 50 aggregates of three or more 
cells were scored as red, green, or red and green. 
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Figure 2.2. YFP-PBD-PAK localization following intercellular junction activation by 
calcium addition. Representative time-lapse fluorescence image series of YFP-PBD-PAK, 
before and after calcium stimulation, in CHO cells expressing WT C-cadherin, WT N-cadherin, 
or C-cadherin mutations (K8NS10P, S78A). Images represent at least three series for each 
condition. Calcium was added at t = 0 minutes. Scale bars represent 10 µm. 
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Figure 2.3. Rac1 accumulation at cell-cell junctions following a calcium switch. (A) Time 
course of the mean fluorescence intensity (MFI) of YFP-PBD-PAK at cadherin expressing CHO 
cell junctions. Curves represent averages of independent experiments (WT C-CHO or N-CHO, 
n=3; K8NS10P, n=7; S78A, n=5). The YFP intensity was quantified within intercellular 
junctions and normalized to values before calcium stimulation at t = 0 minutes. The data were 
averaged at five-minute intervals using Matlab software. Error bars represent the standard error 
of the mean-interpolated-value at each time point. (B) Histogram of the normalized MFI of YFP-
PBD-PAK at junctions 40 minutes after calcium activation. Error bars represent SEM.   
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Figure 2.4. Global RhoA-GTP levels in cells after a calcium switch. RhoA-GTP levels 45 and 
90 minutes after a calcium switch were normalized to levels before stimulating intercellular 
junction formation with calcium.    
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Chapter 3: Role of α-Catenin in Cadherin-Based Adhesion and 
Mechanotransduction2 
 
3.1 Introduction 
 
Cadherins are essential adhesion proteins that regulate intercellular cohesion in soft 
tissues (131, 132). Cadherins are also signaling proteins, but a principal function is to maintain 
cell-cell cohesion. The magnitudes and distributions of intercellular stresses influence many 
tissue properties and processes, including cell shape, morphogenetic movements, neural tube 
closure, wound healing, cell segregation, and the regulation of tissue barriers (29, 30, 42, 133-
139). Passive intercellular linkages would, in principle, be sufficient to support many of these 
functions, but adhesion alone would not account for the instructive cues inherent in the tissue 
mechanics, and the transduction of those cues into biochemical signals that regulate cell 
functions. Findings increasingly demonstrate the importance of forces in development, tissue 
homeostasis, and disease, and mechanotransduction is the vehicle by which cells sense and 
respond to their mechanical environment.  
In contrast to the mechano-sensitivity of focal adhesions, which are prototypical force-
sensitive adhesion complexes (140), earlier reports did not classify cadherin complexes as force 
sensors (141). Integrin-based mechanosensing was initially identified on the basis of two 
measurements. First, direct external mechanical manipulation of ligand-coated beads (e.g. 
fibronectin or RGD peptides) bound to cell surface integrins triggered integrin bond 
                                                
2 Adapted, with permission, from A.K. Barry, H. Tabdili, I. Muhamed, J. Wu, N. Shashikanth, 
G.A. Gomez, A.S. Yap, C.J. Gottardi, J. de Rooij, N. Wang, D.E. Leckband, “α-Catenin 
Cytomechanics – Role in Cadherin-Dependent Adhesion and Mechanotransduction,” Journal of 
Cell Science, 2014, 127 (Pt 8): 1779-1791. 
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strengthening and cytoskeletal remodeling (142, 143). Second, integrin-based traction forces and 
cell migration on matrix proteins increased with the substratum rigidity (144, 145). In cells on 
compliant, fibronectin-coated substrata, focal adhesion size, stress fiber formation, and integrin-
mediated traction forces increased with substratum rigidity. Similar mechanisms were thought to 
regulate both acute integrin-based force sensation and substratum rigidity sensing (141, 146-149). 
Recent measurements analogous to mechanical studies of focal adhesions demonstrated 
that cadherin complexes are also mechanosensitive. Specifically, cadherin-based traction forces 
increased with substratum rigidity (85, 86), and bead twisting on cell surface cadherins triggered 
actin and E-cadherin-dependent cell stiffening (86, 150). Intercellular stress is altered indirectly 
by myosin II activation (150-154), which increases tension between cells (155), and directly by 
pulling on cell doublets with dual pipettes (49). Myosin II activation stimulated both vinculin 
recruitment to cell-cell junctions and the thickening of adhesion zones between endothelial cells 
(150-154). Direct tugging on cell pairs triggered intercellular adhesion strengthening and 
vinculin recruitment to cell contacts (49).   
The previous studies demonstrated that force triggers intercellular junction remodeling, 
but whether the different results reflect identical or different mechanisms is an open question. In 
contrast to specifically tugging on cadherin bonds, force transmitted generally throughout 
intercellular contacts could involve proteins other than cadherins. For example, the main fluid 
shear sensor at endothelial junctions is platelet endothelial cell adhesion molecule-1 (PECAM-1), 
which forms a functional complex with VE-cadherin and vascular endothelial growth factor 
(VEGF) receptor 2 (88, 156). Pharmacological activation of myosin II could also stimulate 
kinases and GTPases that can regulate junctional proteins (65, 157-161).   
Remaining key questions concern the mechanism(s) underlying different manifestations 
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of cadherin-based mechanotransduction, the identity of the mechanosensor(s), and the force-
dependent protein cascades underlying the experimental outcomes. Biochemical and biophysical 
evidence strongly suggest that α-catenin is a force-activated protein in cadherin complexes. α-
Catenin is an actin binding protein, which also binds β-catenin associated with the cadherin 
cytoplasmic domain, and it is required for mechanical coupling between cadherin and 
actomyosin (42, 43, 162, 163). Yonemura et al. (154) first demonstrated that myosin II activation 
stimulated both vinculin recruitment to cadherin adhesions and increased α-catenin reactivity 
towards an epitope specific antibody. Based on those observations and α-catenin domain 
mapping studies, Yonemura et al. (154) postulated that force triggers the exposure of a cryptic 
vinculin-binding-site in α-catenin that in turn recruits vinculin and actin to cadherin junctions. 
This model is supported by cadherin-based adhesion strengthening and by vinculin recruitment 
to stressed intercellular junctions, which both require α-catenin and its vinculin-binding-site (49, 
153). Studies of α-catenin mutants in Drosophila are also consistent with the proposed 
mechanism (43). However, whether the same mechanism accounts for putative cadherin-based 
mechanotransduction behaviors such as adhesion strengthening and junctional remodeling has 
yet to be established.   
In this chapter, I investigated the role of α-catenin in cadherin-based adhesion and 
mechanotransduction. Using different cell lines and α-catenin mutants, bead-twisting 
measurements were performed in conjunction with imaging to directly test whether the 
mechanical manipulation of cadherin bonds triggers vinculin and actin recruitment, in an actin- 
and α-catenin dependent manner. These findings demonstrate the role of α-catenin in cadherin-
specific mechanotransduction and verify features of the proposed force-transduction mechanism.  
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3.2 Materials and Methods 
 
Cell Lines, Proteins, and Plasmids 
 
Madin-Darby Canine Kidney (MDCK) II and DLD-1 human colon carcinoma cells from 
ATCC were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 
v/v% fetal bovine serum (FBS) and 1 v/v% penicillin/streptomycin. The stable knockdown of α-
E-catenin was achieved using a hybrid vector provided by Adam Kwiatkowski and James Nelson 
(Stanford University, Palo Alto, CA), as described (164). The vector contains a short hairpin 
RNA (shRNA) that specifically targets canine α-E-catenin (165) pEGFP-C1, and it contains the 
neomycin resistance gene for selection in G418 (400 µg/ml) (Sigma-Aldrich, St. Louis, MO). 
The α-E-catenin knockdown line (MDCK KD, clone #1) was generated by transfecting MDCK 
cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After G418 selection of a single 
MDCK clone, a >90% reduction in α-catenin was verified by immunoblot analysis. As the EGFP 
expression in this vector can become “uncoupled” from α-catenin knockdown, this line was 
periodically re-selected by the serial limiting dilution method. The α-E-catenin-restored MDCK 
cells (MDCK Rescued) were generated using a vector (from Adam Kwiatkowski and James 
Nelson) containing both the canine-specific α-E-catenin shRNA and a GFP-murine αE-catenin 
cDNA that is refractory to the shRNA. The latter also contains a neomycin selectable marker. 
Two stable integrants were selected after transfection with Lipofectamine (clones #10 and #15) 
and selection in G418. A transfection efficiency of 100% GFP-murine α-catenin expressing cells 
was periodically maintained by FACS. The R2/7 line is a non-cell-cell adhesive α-catenin null 
variant of the DLD-1 parental clone (154, 166). MDCK β-cat-ActA cells expressing red 
fluorescence protein (RFP) were a gift from James Nelson (Stanford University, Palo Alto, CA).  
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Both the DLD-1 subclone R2/7 and the α-catenin knockdown MDCK cells were 
transfected with lentiviral EGFP-α-catenin and EGFP-α-catenin-ΔVBS constructs described 
elsewhere (167), and selected by puromycin. All R2/7 Rescued cells expressed GFP-α-catenin or 
GFP-α-catenin-ΔVBS, as was confirmed by GFP fluorescence. To characterize their cell-cell 
junction forming capacity, cells were fixed and stained with E-cadherin (clone 36, BD 
Biosciences), α-catenin (rabbit polyclonal, Sigma) and vinculin (hVin-1, Sigma) antibodies. 
Cell-cell junctions were restored in these cells by either EGFP-α-catenin or EGFP-α-catenin-
ΔVBS expression, although junction maturation seemed somewhat delayed in EGFP-α-catenin-
ΔVBS cells. Vinculin was absent from junctions in EGFP-α-catenin-ΔVBS cells, whereas it was 
present in a subset of junctions in EGFP-α-catenin cells. 
The recombinant canine E-cadherin ectodomain with a C-terminal Fc-tag (E-cad-Fc) was 
stably expressed in human embryonic kidney cells (HEK293T), as described (168). Cells were 
routinely maintained in DMEM containing 10 v/v% FBS. Protein A Affi-Gel (Bio-Rad, Hercules, 
CA) was used to affinity-purify the soluble Fc-tagged E-cadherin from the conditioned medium. 
This was followed by gel-filtration chromatography. SDS-PAGE assessed the protein purity. 
 
Magnetic Twisting Cytometry (MTC) 
 
Bead-twisting measurements were conducted with a home-built magnetic twisting 
cytometer (143). The measurements used 4.0-4.9 µm carboxyl ferromagnetic beads (Spherotech, 
Lake Forest, IL) that were covalently modified with E-cad-Fc or PLL (Sigma), as described 
(150). The protein-coated beads were then allowed to settle on confluent cell monolayers at ~one 
bead/cell for 20 min at 37°C and 5% CO2, before applying torque. Cells were grown to 
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confluence (2 days) on 35 mm glass bottom dishes coated with 20 µg/ml of type I collagen 
(Sigma).  
Cells were maintained on a heated microscope stage (37°C). A 1 Tesla pulse magnetized 
the beads with a magnetic moment parallel to the cell substrate, and a 0.3 Hz oscillating 
magnetic field (60 Gauss) applied perpendicular to the substrate for 2 min generated a torque on 
the beads. The resulting bead displacements were quantified with an inverted microscope (Leica) 
equipped with a 20x/0.6 NA objective lens and a charge-coupled device camera (Orca2, 
Hamamatsu Photonics). The complex modulus of the bead-cell junction was calculated from the 
bead displacements (143). The data follow a log normal distribution, and plots display the mean 
and standard deviation. Each experimental condition represents n > 300 cells (~one bead/cell). P-
values were calculated from two-tailed Student’s t-tests, with p < 0.05 considered to be 
statistically significant. Only beads at the center of the apical surface, not at cell-cell junctions, 
were included in the analyses, in order to avoid interference from changes in cell-cell junction 
remodeling.  
 
Combined MTC and Immunofluorescence Imaging  
 
α-Catenin, vinculin, cadherin, and filamentous actin (F-actin) densities at the beads were 
compared before and after bond shear, by confocal laser scanning microscopy. In order to control 
for differences across cells, only beads bound to a central region on the apical surface – not at 
cell-cell junctions – were included in the analyses. Immediately after bead twisting, cells were 
fixed with 4 w/v% paraformaldehyde (PFA) for 15 min at room temperature, then permeabilized 
with 0.1% Triton X-100 for 5 min, blocked in 1 w/v% BSA for 20 min, and stained with 
phalloidin, primary antibodies, and secondary antibodies in 1 w/v% BSA for 1 h. Primary 
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antibodies included rabbit monoclonal anti-α-catenin antibody (Sigma), mouse monoclonal anti-
vinculin antibody (Sigma), and mouse monoclonal anti-E-cadherin antibody (clone 36, BD 
Transduction Laboratories). Secondary antibodies were coupled to FITC (Sigma) or Alexa Fluor 
594 (Invitrogen), and rhodamine-phalloidin was from Invitrogen. Coverslips were mounted with 
ProLong Gold (Invitrogen). Images were acquired with ZEN 2008 software (Zeiss) and a laser 
scanning confocal microscope (LSM 700, Zeiss) equipped with a 40x/1.3 NA oil immersion DIC 
EC Plan-Neofluar objective lens (Zeiss) and 488 nm and 555 nm lasers.  
 
Confocal Image Analysis: Ring Analysis 
 
The mean fluorescence intensities (MFI) of α-catenin, vinculin, E-cadherin, and F-actin 
at bead-cell junctions were quantified with ImageJ (National Institutes of Health) from images 
acquired at a focal plane at which the beads were in focus. Fluorescence intensities surrounding 
each bead were quantified by drawing a ring extending 1.0-1.5 µm from the bead edge, and a 
mask outlining the bead was defined, based on DIC images. The mean fluorescence intensity of 
α-catenin, vinculin, F-actin, and E-cadherin surrounding n ≥ 35 beads (one bead/cell) for each 
condition was subtracted by the respective background fluorescence channel, defined by the 
mean intensity of a user defined area near each bead, but outside the defined ring. Averages of 
the MFI surrounding each bead-cell pair, pooled standard deviations, and standard errors of the 
mean were calculated in Microsoft Excel. Although some beads did not appear to engage cell 
surface cadherins, based on the absence of α-catenin-GFP rings, beads with and without α-
catenin rings were included indiscriminately in the analyses. 
 Protein accumulation was quantified, by comparing the averaged MFIs surrounding ~35 
beads per experiment, before and after bond shear. It is not feasible to directly quantify 
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fluorescence changes at the same bead before and after shear, because the torque rotates the bead 
out of the focal plane. Immunofluorescence was quantified from images of fixed cells. The 
standard errors in the averaged immunofluorescence intensities for each condition were 
determined from the pooled standard error of replicate experiments performed under identical 
conditions, in which a minimum of 35 beads were analyzed per experiment. Thus, the 
determined errors reflect the measurement variance. The reported error in the change in MFI 
values, relative to unstressed conditions, was determined by propagation of errors (Calcutt, 1983). 
 
Confocal Image Analysis: Line Scans 
 
The ring analyses do not take into account the non-uniformity of the circumferential 
protein distributions around the beads; thus, line scan intensity profiles also depicted spatial 
variations in fluorescence intensities across bead-cell junctions. Line scans were generated from 
original images using ImageJ. Lines 10 µm in length (extending ~3 µm from either side of the 
bead edges) and centered on the bead were drawn, in order to quantify regions of greatest change 
in MFI. The background fluorescence was defined as the mean intensity of a user defined 
cytoplasmic region near each bead. The background-subtracted intensity profiles across beads 
(one bead/condition) were plotted in Microsoft Excel. Because of the non-uniform 
circumferential protein distributions, quantitative comparisons were based on ring analyses, 
which is less subjective than line scans. 
 
Quantifying α-Catenin Levels at Cell-Cell Junctions in Cells Expressing β-Cat-ActA 
 
β-Cat-ActA MDCK cells mixed with MDCK WT cells were fixed and stained for α-
catenin (FITC). β-Cat-ActA MDCK cells express RFP, whereas WT MDCK cells do not. Images 
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were acquired with AxioVision software (Zeiss) and a Zeiss Axiovert 200M inverted microscope 
equipped with a 63x oil objective. The MFI of α-catenin at cell-cell contacts was quantified 
between two RFP expressing cells, an RFP-expressing and non-expressing cell, and two non-
expressing cells using ImageJ. Box and whisker plots displaying the results were created in 
Microsoft Excel.  
 
3.3 Results 
 
3.3.1 Impact of α-Catenin on Cadherin Mechanotransduction 
 
To test the impact of α-catenin on cadherin mechanotransduction, experiments were 
performed with stable cell lines that either express or lack expression of α-catenin. Specifically, 
experiments used MDCK cells, which express endogenous αΕ-catenin (MDCK WT), MDCK 
cells in which α-catenin is stably knocked down (MDCK KD, from James Nelson, Stanford 
University), and MDCK KD cells with restored α-catenin expression (MDCK Rescued). 
Experiments were also performed with DLD-1 cells, with the α-catenin null subclone of the 
DLD-1 cell line (R2/7), and with R2/7 cells rescued with GFP-α-catenin (R2/7 Rescued) (154, 
166). FACS confirmed that the DLD-1 and R2/7 cell lines express membrane-bound E-cadherin 
at similar levels.  
Magnetic twisting cytometry (MTC) measurements (Fig. 3.1A) of cell surface cadherin 
complexes probed with ferromagnetic beads modified with Fc-tagged extracellular domains of 
canine E-cadherin (E-cad-Fc) demonstrated that α-catenin is obligatory for acute, cadherin-
dependent mechanotransduction. MTC measurements apply shear directly to cadherin bonds at 
the cell surface, and thus differ from indirect methods that alter tension on intercellular junctions. 
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With MTC, force-activated remodeling alters cell/junction stiffness and bead displacement 
amplitudes. 
In MTC measurements with MDCK WT cells (Fig. 3.1B), bond shear increased the 
cadherin junction stiffness ~28%, relative to unperturbed cells. Conversely, MDCK KD cells 
probed with identical E-cad-Fc-coated beads failed to induce any stiffening response, and the 
junction modulus decreased slightly (Fig. 3.1B), possibly due to some bead detachment. Because 
the E-cadherin expression levels were the same on both cell types, the difference in the 
mechanoresponse of the MDCK KD and MDCK WT cells is attributed to α-catenin loss. In 
control measurements with either poly(L-lysine) (PLL)-coated beads or E-cad-Fc-coated beads 
in the presence of EGTA, which removes Ca2+ ions required for cadherin activity, junction 
stiffness was unaltered or decreased in response to bond shear (Fig. 3.1B).  
Cytosolic α-catenin dimers affect actin dynamics at the leading edge (164) and could 
indirectly affect cadherin-based mechanotransduction, by altering global cell contractility or 
actin organization at cadherin adhesions. Measurements with β-cat-ActA MDCK cells (164) 
tested this. In these cells (from J Nelson, Stanford University), the mitochondrial-targeting 
protein ActA is fused to the α-catenin binding region of β-catenin. This sequesters a proportion 
of cytosolic α-catenin to mitochondria, while retaining cadherin-bound α-catenin at the 
membrane (164). Immunofluorescence measurements confirmed that the β-cat-ActA construct 
does not affect α-catenin levels at cell-cell contacts (Fig. 3.2A,B). Consistent with the postulate 
that α-catenin affects mechanotransduction locally at cadherin adhesions, the mechanoresponse 
of β-cat-ActA MDCK cells was statistically identical to MDCK WT cells (Fig. 3.1B). 
Mechanical perturbation of DLD-1 and R2/7 Rescued cells with E-cad-Fc beads triggered 
a ~30% increase in junction stiffness (Fig. 3.1C), but α-catenin deficient R2/7 cells did not (Fig. 
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3.1C). The responses of the R2/7 Rescued cells and DLD-1 cells were statistically similar. 
Additionally, R2/7 cells rescued with a GFP-α-catenin construct lacking the vinculin-binding-
site (GFP-α-catenin-ΔVBS) (153) also failed to trigger cell stiffening, in agreement with the 
postulated role of the vinculin-binding-site in mechanotransduction. Controls with PLL-coated 
beads failed to induce junction remodeling in R2/7 Rescued cells (Fig. 3.1C). 
 
3.3.2 Impact of α-Catenin on Force-Dependent Actin and Vinculin Recruitment  
 
Immunofluorescence imaging following bead twisting demonstrated that vinculin and 
actin recruitment to cadherin junctions coincides spatially and temporally with local mechanical 
stimulation of cadherin bonds and junction reinforcement. Laser scanning confocal microscopy 
quantified actin, α-catenin, vinculin, and E-cadherin at beads before and after bond shear, under 
identical conditions (culture conditions, twisting time, and shear stress) as used to obtain data in 
Figure 3.1B,C. In unperturbed cell monolayers, α-catenin and actin localized at the basolateral 
membrane (Fig. 3.3A). R2/7 cells do not express α-catenin, but R2/7 Rescued and R2/7 ΔVBS 
cells overexpress GFP-α-catenin and GFP-α-catenin-ΔVBS, respectively.  
Figure 3.3B (top left) illustrates the ring analysis used to quantify changes in protein 
levels at PLL-coated beads bound to the apical surface of cells (yellow circles), before and after 
shearing cadherin bonds (original images are in Fig. 3.4A). Images before and after bond shear 
reflect different bead-cell pairs because bead movements during twisting are incompatible with 
quantitative live cell imaging of local fluorescence changes. This necessitated comparisons of 
averages (n > 35) of immunofluorescence images of fixed cells with and without shear, from 
replicate experiments obtained under identical culture conditions. Standard errors in reported 
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fluorescence intensity differences were determined by propagation of errors and use of pooled 
standard deviations (169).  
In R2/7 Rescued cells, α-catenin localized around beads, and levels did not change after 
twisting (Fig. 3.3C,D). E-cadherin did not increase significantly at beads (Fig. 3.5A (top), B 
(left)). By contrast, F-actin formed visible rings around beads bound to unperturbed R2/7 
Rescued cells, and the intensity and thickness of the actin rings increased after 2 min of bond 
shear (Figs 3.3C, 3.4B). Bead twisting also triggered vinculin accumulation at the beads (Figs 
3.3D, 3.4B). Figure 3.6A summarizes changes in protein levels relative to unstressed conditions. 
Quantification of protein localization at beads, before and after shear, revealed significant 
increases in F-actin (p = 2x10-8, n ≥ 60) and vinculin (p = 2x10-5, n ≥ 85) (Fig. 3.6B). Controls 
with PLL-coated beads exhibited neither a stiffening response (Fig. 3.1C) nor force-dependent 
accumulation of F-actin, α-catenin, or vinculin at the beads (Figs 3.3B; 3.4A; 3.6A,D). 
 α-Catenin-GFP overexpression in R2/7 Rescued cells increased the error in shear-
dependent α-catenin accumulation because the high cytosolic fluorescence often eclipsed α-
catenin localization at the beads. Increasing the number of measurements (n ~ 75) increased the 
signal-to-noise. This was not a factor in the analyses of immunostained vinculin, E-cadherin, or 
actin, for which the background fluorescence and standard errors were low. The background in 
DLD-1 cells immunostained for α-catenin was similarly low. 
With α-catenin deficient R2/7 cells, there was negligible actin near the beads relative to 
background, and bond shear did not induce measurable junction reinforcement (Fig. 3.1C) or 
either F-actin or vinculin accumulation (Fig. 3E,F). The changes in protein levels after shear are 
summarized in Figure 3.6A. For display purposes, the change in α-catenin in R2/7 cells was not 
included because the intensities were negligible (Fig. 3.6A).     
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Line-scan analyses of spatial variations in α-catenin, actin, and vinculin intensities 
relative to the bead center, before and after bond shear, (Fig. 3.7A-C) also illustrate force-
dependent remodeling at bead-cell junctions. The line scans represent regions of greatest change 
in the mean fluorescence intensity surrounding the beads, and show the non-uniform protein 
distributions around beads. Because of the high cytosolic background from overexpressed GFP-
α-catenin, relative to the dark bead center, the relative intensity at the bead center is negative, in 
some cases.   
 
3.3.3 Role of the Vinculin Binding Site of α-Catenin on Force-Dependent Actin 
Recruitment 
Figure 3.3G,H shows immunofluorescence images of GFP-α-catenin-ΔVBS at beads, 
before and after loading. GFP-α-catenin-ΔVBS localized to cell-cell and bead-cell junctions, as 
expected, because this construct harbors the domain that binds cadherin-associated β-catenin at 
adhesions. However, bond shear had no effect on E-cadherin, F-actin, GFP-α-catenin ΔVBS, or 
vinculin levels at the beads (Figs 3.5B (right); 3.6A,C). 
 
3.4 Discussion 
Different experimental approaches used to investigate cadherin-based 
mechanotransduction previously confirmed that mechanical perturbations trigger biochemical 
changes at intercellular junctions, but there was no general view of how α-catenin regulates 
cadherin-mediated adhesions, in the different mechanical contexts investigated. These results 
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unify several findings and identify mechanistic similarities and differences between observed 
behaviors. 
Immunofluorescence measurements before and after mechanical stimulation visualized 
the molecular cascades triggered by localized force at cadherin-specific bonds, and demonstrated 
that directly pulling on cadherin bonds triggers both vinculin and actin recruitment to stressed 
cadherin complexes, by an α-catenin- and actin-dependent mechanism. This result directly 
confirmed that the cadherin-specific remodeling events involve molecular changes analogous to 
those at cell-cell junctions following myosin II activation or tugging on cell doublets (Thomas et 
al., 2013; Yonemura et al., 2010). 
Spatial and temporal correlation between applied force, cytoskeletal remodeling, and 
measured cell stiffening also demonstrated that mechanical changes triggered by cadherin bond 
shear (86, 150) are due to force-activated actin and vinculin accumulation, rather than to 
nonspecific effects of bead twisting. This is similar to integrin-dependent adhesion stiffening by 
actin recruitment (170). In this case, the absence of junctional stiffening and vinculin or actin 
accumulation at E-cad-Fc beads in cells lacking α-catenin confirmed that α-catenin is essential 
for acute, cadherin-based mechanotransduction. These data support the postulate that α-catenin 
is the obligate force sensor in this complex, because the loss of its vinculin-binding-site 
abolished tension-dependent responses, while otherwise preserving the mechanical connection 
between cadherin and actin (153).  
The complete abrogation of acute force sensing by the α-catenin ΔVBS mutant differs 
from the 40-50% decrease in the stiffening response of vinculin-deficient F9 cells (150). 
Vinculin knockout F9 cells may have expressed low levels of endogenous vinculin, although 
none was detected.  Alternatively, the vinculin binding domain also harbors sites for the actin 
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binding proteins afadin, zonula occludens-1 (ZO-1), formin, and α-actinin that could also 
contribute to actin recruitment (171-174). So far, there is no evidence that the latter proteins 
accumulate at stressed junctions (153).  
The increased width and intensity of the actin zone around the beads parallel the 
thickening of endothelial cell junctions subject to endogenous tugging forces (151), and the co-
accumulation of vinculin and radial actin fibers at stressed intercellular junctions (150, 153, 167). 
The mechanism underlying the zonal thickening was not addressed (151), but similar 
cytoskeletal remodeling following bead twisting, myosin II stimulation, and cell tugging (153) 
suggest that vinculin and actin recruitment in these different contexts involves the same α-
catenin-dependent pathway. 
The findings in this chapter directly demonstrate the obligatory role of α-catenin and its 
vinculin-binding-site in acute force transduction through cadherin adhesions, consequent 
cytoskeletal remodeling, and force-dependent junction reinforcement. Cadherin-specific bead 
twisting that triggered molecular cascades links the observed force-dependent changes at 
intercellular junctions to a common α-catenin-dependent mechanism.  
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3.5 Figures 
 
 
Figure 3.1. α-Catenin is required for acute, cadherin-dependent mechanotransduction. (A) 
Schematic of magnetic twisting cytometry experiment. Ligand-coated, ferromagnetic beads are 
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magnetized with a magnetic moment (M) parallel to the substrate, and subjected to an oscillating 
field (H). The orthogonal applied field generates a torque (T) on the bead, causing a bead 
displacement. (B) MTC measurements of force-induced cell stiffening were performed using 
canine E-cad-Fc-coated beads to probe MDCK WT cells in the absence (black squares) and 
presence of 4 mM EGTA (white triangles). In controls, MDCK WT cells were probed with PLL-
coated beads (white diamonds). E-cad-Fc-coated beads also probed MDCK WT cells in which 
α-catenin has been stably knocked down (MDCK KD, white circles), and MDCK KD cells 
expressing β-cat-ActA (black circles). (C) MTC measurements using E-cad-Fc-coated beads to 
probe DLD-1 cells (white squares), α-catenin null cells (R2/7, black squares), R2/7 cells rescued 
with mouse GFP-α-catenin (R2/7 Rescued, white circles), and R2/7 cells rescued with mouse 
GFP-α-catenin lacking the vinculin binding site (R2/7 ΔVBS, black circles). In controls, R2/7 
Rescued cells were probed with PLL-coated beads (black triangles). Each time point represents 
the mean and s.d. of >200 beads (one bead/cell). 
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Figure 3.2. Targeting endogenous α-catenin to mitochondria does not affect α-catenin 
levels at cell-cell junctions. (A) β-Cat-ActA MDCK cells expressing RFP were mixed with WT 
MDCK cells and stained for α-catenin (FITC). Displayed images are representative of three 
independent experiments. Scale bar, 20 µm. (B) The MFI of α-catenin at cell-cell contacts was 
quantified between two RFP expressing cells (E:E), an RFP-expressing and non-expressing cell 
(E:N), and two non-expressing cells (N:N). The ends of the box and whisker plot represent the 
first and third quartiles, the horizontal line represents the median, and the whiskers represent the 
highest and lowest values within 1.5 times the interquartile range. Diamonds represent outliers. 
For each condition, n > 30 different cell-cell contacts.  
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Figure 3.3. Force-dependent distributions of α-catenin, F-actin, and vinculin imaged at 
cell-cell and bead-cell junctions. (A) Immunostained R2/7 Rescued, R/27, and R2/7 ΔVBS 
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cells before applying shear stress through E-cad-Fc-coated beads. R2/7 Rescued and R2/7 ΔVBS 
cells overexpress GFP-α-catenin and GFP-α-catenin-ΔVBS, respectively. R2/7 cells are α-
catenin deficient. Representative images reveal α-catenin (green) and F-actin (orange) at cell-cell 
junctions at the basal plane. Scale bars, 10 µm. (B) α-Catenin and F-actin distributions at PLL-
coated beads bound to the apical surface of R2/7 Rescued cells, before or after bond shear. 
Images of individual beads were cropped and enlarged from the boxed regions of original images 
in Figure 3.4A. The first DIC image (top left) indicates the region of interest (yellow circles) 
used to quantify changes in protein distributions at bead-cell junctions. Scale bars, 5 µm. Images 
are representative of >35 different bead-cell pairs. (C) R2/7 Rescued cells stained for F-actin, 
before or after cadherin bond shear. (D) R2/7 Rescued cells stained for vinculin. (E, F) R/27 
cells stained for F-actin or vinculin, respectively. (G, H) R2/7 ΔVBS cells stained for F-actin or 
vinculin, respectively. Original images for C-H are in Figure 3.4B. Scale bars, 5 µm. Images are 
representative of >35 different bead-cell pairs. 
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Figure 3.4. Force-dependent distributions of F-actin and vinculin at bead-cell junctions. (A) 
Original images of F-actin distributions in R2/7 Rescued cells bound with PLL beads. Imaging 
with a 40x objective reveals the overall cell monolayer, and the boxed regions (DIC channel) 
correspond to the cropped and zoomed-in images of individual beads, displayed in Figure 3.3B. 
Scale bars, 10 µm. (B) R2/7 Rescued, R2/7, and R2/7 ΔVBS cells bound with E-cadherin beads 
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were fixed and stained for F-actin or vinculin before or after applying shear stress. Boxed regions 
in the DIC channel correspond to Figure 3.3C-H. Scale bars, 10 µm.  
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Figure 3.5. E-cadherin distributions at cell-cell and bead-cell junctions in R2/7 cells 
expressing GFP-α-catenin or GFP-α-catenin-ΔVBS. (A) R2/7 Rescued and R2/7 ΔVBS cells 
immunostained for E-cadherin, before or after applying cadherin bond shear. Cell-cell junctions 
were imaged at the basal plane of cell monolayers for E-cadherin. Representative DIC images 
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show beads attached to cells, and the corresponding fluorescence images show α-catenin (green) 
and E-cadherin (orange). Scale bars, 10 µm. (B) Mean fluorescence intensity of α-catenin and E-
cadherin at E-cadherin bead-cell junctions in R2/7 Rescued (left) (α-catenin, n ≥ 208; E-cadherin, 
n ≥ 55), and R2/7 ΔVBS cells (right) (α-catenin, n ≥ 44; E-cadherin, n ≥ 44).   
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Figure 3.6. Shear induced changes in α-catenin, vinculin, and F-actin at E-cadherin bead-
cell junctions. (A) Change in mean fluorescence intensity, relative to non-loading conditions, of 
proteins within rings extending 1.0-1.5 µm from the bead edge. A mask designating a filled 
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outline of the bead was defined, based on DIC images. Data represent R2/7 Rescued (α-catenin, 
n ≥ 208; vinculin, n ≥ 85; F-actin, n ≥ 60), R/27 (vinculin, n ≥ 55; F-actin, n ≥ 35), and R2/7 
ΔVBS (α-catenin, n ≥ 86; vinculin, n ≥ 42; F-actin, n ≥ 44)"cells bound with E-cad-Fc beads. The 
control was obtained with PLL beads bound to R2/7 Rescued cells (α-catenin, n ≥ 119; vinculin, 
n ≥ 58; F-actin, n ≥ 61)."(B) Fluorescence intensities of proteins before and after applied load in 
R2/7 Rescued cells bound with E-cad-Fc beads. F-actin, ***p = 2x10-8, n ≥ 60; α-catenin, p = 
0.64, n ≥ 208. Vinculin, ***p = 2x10-5, n ≥ 85; α-catenin, p = 0.64, n ≥ 208. (C) Intensity levels 
at E-cad-Fc beads on R2/7 ΔVBS cells, with and without load. F-actin, n ≥ 44; α-catenin, n ≥ 44. 
Vinculin, n ≥ 42; α-catenin, n ≥ 42. (D) Intensity levels at PLL beads on R2/7 Rescued cells. F-
actin, n ≥ 61; α-catenin, n ≥ 61. Vinculin, n ≥ 58; α-catenin, n ≥ 58. All error bars represent 
s.e.m. 
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Figure 3.7. Line-scan analyses of force-dependent distributions of α-catenin, F-actin, and 
vinculin at bead-cell junctions. (A) Representative line scans quantifying mean pixel intensity 
of GFP-α-catenin across bead-cell junctions before (-) or after (+) applying shear stress. R2/7 
Rescued, R2/7, and R2/7 ΔVBS cells were bound with E-cadherin beads. (B) Representative line 
scans reveal F-actin distributions across bead-cell junctions in cells bound with E-cadherin 
beads, or PLL beads as noted. (C) Representative line scans reveal vinculin distributions across 
bead-cell junctions.  
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Chapter 4: VE-Cadherin Mechanotransduction and Regulation of 
Endothelial Adherens Junctions 
 
4.1 Introduction 
 
The vascular endothelium forms a semi-permeable barrier that functions in a highly 
dynamic mechanical environment. Endothelial cells experience a variety of dynamic and steady 
state mechanical forces, which can alter the integrity of adherens junctions – key components in 
the regulation of endothelial barrier permeability (93, 175, 176). Endothelial hormones (177-179) 
or rigid extracellular matrices (180-182), such as in aged arteries (100, 183) or at sites of 
atherosclerosis trigger changes in endogenous, actomyosin contractile forces. Alternatively, 
exogenous forces due to fluid shear stress (88, 183, 184), inspiration in the lung (185), 
hypertension (186, 187), or changes in smooth muscle contraction can also impinge on adherens 
junctions to alter vascular permeability, which is a diagnostic marker of vascular disease. In 
severe cases, such as acute lung injury, aberrant mechanical stimuli can induce pathological 
vascular leakage (158). VE-cadherin complexes – the primary cohesive proteins at 
interendothelial junctions – are targets of inflammatory mediators and key regulators of 
endothelial permeability (93, 188). Adherens junctions connect cytoskeletons of adjacent cells, 
and are likely sites of mechanotransduction in the vascular endothelium.  
In epithelia, type 1 classical E-cadherin complexes at intercellular junctions are force 
sensitive (83, 189), and exogenous forces applied through cadherin adhesions triggers junctional 
cytoskeletal remodeling in ways that may influence morphogenesis, regulate tissue barrier 
function, or contribute to disease progression (190-192). Leckband et al previously used 
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nanomechanical measurements to directly demonstrate mechanotransduction by E-cadherin 
complexes, which involves force-triggered vinculin accumulation at F-actin-anchored E-cadherin 
adhesions (83, 84). With endothelial cells, Liu et al showed that endogenous tugging forces on 
cell junctions triggered an increase in the junction size (87). Endothelial hormones similarly 
triggered cell contractility and interendothelial junction remodeling (167). Fluid shear stress 
induces endothelial cell alignment in a process involving altered interendothelial cell tension. In 
the latter studies, the identified interendothelial flow sensor was PECAM-1, but not VE-cadherin 
(88, 184). Such findings might raise questions about the capacity of VE-cadherin complexes to 
regulate endothelial barriers and tissue mechanics in response to force. In addition, although 
studies documented the impact of endogenous force on adherens junction remodeling, the 
reciprocal influence of local, VE-cadherin-based mechanotransduction signals on global cell and 
tissue mechanics has not been addressed.    
In this chapter, I demonstrate that VE-cadherin complexes are endothelial tension sensors, 
and I identify early molecular cascades in VE-cadherin-based mechanotransduction in 
pulmonary artery endothelial cells. Based on methods I developed in Chapter 3, I mechanically 
manipulated VE-cadherin bonds and used confocal imaging to show that VE-cadherin-based 
mechanotransduction requires homophilic VE-cadherin ligation, an intact actomyosin 
cytoskeleton, Rho associated protein kinase, and phosphoinositide 3-kinase. I also provide 
evidence that mechanotransduction by both VE-cadherin and PECAM-1 is ligand specific, 
suggesting that ligation-dependent conformational changes may regulate mechanotransduction 
by these proteins. I further show that local, VE-cadherin-dependent mechanotransduction alters 
global cell mechanics, and that locally-generated perturbations propagate across peripheral 
junctions to induce long-range remodeling of endothelial junctions far from the location of 
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applied force. These results demonstrate that VE-cadherin and the actomyosin cytoskeleton form 
a mechanically integrated network that enables rapid, global changes in endothelial barrier 
integrity and tissue mechanics, in response to force. These data provide new insights into 
mechanisms regulating endothelial integrity.  
 
4.2 Materials and Methods 
 
Cell Culture and Reagents 
 
Human Pulmonary Artery Endothelial Cells (ECs) were purchased from Lonza 
(Allendale, NJ) and cultured using manufacturer’s recommended Endothelial Basal Medium-2 
(EBM-2) supplemented with defined growth factors and supplements (Endothelial Growth 
Medium-2 SingleQuot Kit, Lonza). Cells were cultured at 37°C in a 5% CO2 humidified 
atmosphere. ECs at passages 6 - 9 were used in experiments.  
Prior to magnetic twisting cytometry experiments, a suspension of 30,000 ECs was plated 
on the 13 mm diameter well of 35 mm glass bottom dishes (Cell E&G) adsorbed with 20 µg/ml 
human fibronectin (Sigma-Aldrich, St. Louis, MO) in PBS. ECs were grown to confluence for 2-
3 days before performing experiments.  
 
VE-Cadherin-Fc Protein Production 
 
The Fc region of the pcDNA3.1-VE-cadherin extracellular domain-Fc-His vector (P. 
Vincent, Albany Medical College, Albany, NY) was generated from the HEEC1-5-Fc-pEE14 
construct (Gumbiner, University of Virginia, Charlottesville, VA). This full-length human VE-
cadherin extracellular domain (VE-cadherin-Fc) contains the Fc region of human IgG with a C-
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terminal hexahistidine tag and is stably expressed in Chinese Hamster Ovary cells in soluble 
form as a dimer. Chinese Hamster Ovary (CHO-K1) cells were purchased from ATCC and 
transfected with the plasmid containing the tagged VE-cadherin insert, using Fugene 6 (Roche, 
Indianapolis, IN). Soluble VE-cadherin-Fc protein was harvested from the stably transfected 
CHO cell clone that was selected and cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10 v/v% fetal bovine serum (FBS) and 800 µg/ml G418 (VWR International). VE-
cadherin-Fc protein was affinity purified with a Ni-NTA column followed by a protein-A Affigel 
column (Bio-Rad, Hercules, CA). Protein purity was assessed by SDS-PAGE. Further details for 
VE-cadherin-Fc protein purification are described in Appendix A.  
 
Preparation of Beads for Magnetic Twisting Cytometry (MTC) 
 
Carboxyl ferromagnetic beads (1.0 w/v%, 4.0 - 4.9 µm diameter) from Spherotech (Lake 
Forest, IL) were covalently modified with VE-cadherin-Fc, poly-L-lysine (PLL) (Sigma-Aldrich, 
St. Louis, MO), human fibronectin (Sigma-Aldrich, St. Louis, MO), anti VE-cadherin antibody 
(clone 75, BD Transduction Laboratories), anti PECAM-1 antibody (sc-31045, Santa Cruz 
Biotechnology), or anti PECAM-1.3 antibody (from PJ Newman, Blood Center of Wisconsin, 
Milwaukee, WI). The epitopes of the VE-cadherin and PECAM-1 antibodies map to the 
extracellular domains of the respective proteins.  
Beads were first chemically activated by mixing 50 µl of bead stock solution with 20 
mg/ml (final concentration) of 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 
(Sigma-Aldrich, St. Louis, MO) and 20 mg/ml N-hydroxysuccinimide (Thermo Scientific, 
Rockford, IL) in 1 ml 2-(N-morpholino)ethanesulfonic acid buffer (50 mM MES, 100 mM NaCl, 
pH 5.0) with an orbital shaker for 15 min at 25°C. Beads were then centrifuged at 11,000 x g for 
 65 
10 min at 25°C. The supernatant was aspirated, and the activated beads were then mixed with 20 
µg of the protein of interest (VE-cadherin-Fc, PLL, fibronectin, or antibody), in coupling buffer 
(20 mM HEPES, 100 mM NaCl, 5 mM CaCl2, pH 8.0) for 2 h at 4°C, with continuous mixing on 
an orbital shaker. The reaction was stopped by mixing with quenching buffer (3.3 mM Tris, 100 
mM NaCl, and 5mM CaCl2 at pH 8.0) on an orbital shaker for 30 min at 4°C. The modified 
beads were centrifuged at 11,000 x g for 10 min at 25°C. The supernatant was aspirated, and the 
beads were washed with HEPES buffer. The beads were resuspended in MCDB 131 medium 
(Gibco) supplemented with 1 v/v% penicillin/streptomycin and 0.1 v/v% FBS for MTC 
experiments. Modified beads were used for experiments immediately after protein binding, in 
order to minimize aggregation.   
 
MTC Experiment 
 
The MTC experiment has been previously described in detail (83, 143). The instrument 
exerts shear stress on cell surface receptors, by twisting magnetized beads bound to the cell 
surface. A twisting field induces a torque on the beads that causes bead displacements, which 
reflect the viscoelastic properties of the bead-cell junction.  
Before adding the modified beads to cells, small bead aggregates were disbursed by 
sonication for 3 s. EC monolayers plated in glass bottom dishes were rinsed with MCDB 131 
medium, and then an aliquot of the beads was allowed to settle on the cells. The beads were 
allowed to adhere to the EC monolayer during incubation at 37°C for 20 min. Dishes of cells 
were then placed within magnetic coils on a 37°C heated microscope stage. The bead magnetic 
moment of 0.12 Pa/Gauss (magnetic field x magnetic moment = applied stress) was calibrated as 
described (143). The beads were magnetized parallel to the cell monolayer, by applying a short 
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(<100 µs) magnetic field pulse of 1 Tesla. A magnetic field oscillating at a frequency of 0.3 Hz 
was applied for 2 min perpendicular to the cell monolayer, in order to generate a twisting torque 
on the beads.  
Two types of measurements were performed. In the first, the applied field was increased 
stepwise (in 10 s intervals from 0.3 - 75 Gauss, equivalent to a shear stress of 0.036 - 9 Pa, with 
no pause between successive increases in the field). In the second, the oscillating field (20 Gauss, 
equivalent to 2.4 Pa at a frequency of 0.3 Hz) was applied continuously for 120 s. The induced 
torque causes bead displacements, which were captured with an inverted microscope (Leica) 
equipped with a 20x/0.6NA objective lens and a charge-coupled device camera (ORCA2; 
Hamamatsu Photonics). The measured complex modulus of the bead-cell junction is the torque 
divided by the bead displacement, or G = T/D (143), and is a function of the viscous and elastic 
moduli of the bead-cell junction. 
 
Cell Treatments for MTC Experiments 
 
In order to inhibit actin polymerization, myosin II ATPase, or microtubule 
polymerization, cells were treated with, respectively, 4 µM cytochalasin D for 20 min, 100 µM 
blebbistatin for 20 min, or 20 µM nocodazole for 30 min before magnetic twisting experiments 
(all from Sigma-Aldrich, St. Louis, MO). Rho activity was inhibited by treating cells with a 
selective inhibitor of the Rho-associated protein kinase p160ROCK (Y-27632) at 10 µM for 1 h 
(193) (Tocris Bioscience, Ellisville, MO). Phosphatidylinositol-3-kinase (PI3K) was inhibited by 
treating cells with 30 µM LY294002 for 20 min (Cell Signaling Technology). In order to block 
VE-cadherin receptors expressed on the cell surface, cells were treated with 12.5 µg/ml anti VE-
cadherin antibody (clone 75, BD Transduction Laboratories) for 2 h.   
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Immunofluorescence 
 
Subcellular remodeling in response to cadherin bond shear was visualized by 
immunofluorescence. Immediately after applying bond shear, ECs were washed in PBS and 
fixed for 15 min in 4 w/v% paraformaldehyde at pH 7.4. ECs were then permeabilized for 5 min 
with 0.1 v/v% Triton X-100 in PBS and blocked for 30 min in 2 w/v% BSA in PBS at pH 7.4 
(blocking buffer). Rhodamine-phalloidin (Invitrogen), primary, and secondary antibodies were 
diluted 1:100 in blocking buffer and incubated with cells for 1 h. Primary antibodies included 
goat polyclonal anti VE-cadherin (sc 6458, Santa Cruz Biotechnology) and mouse monoclonal 
anti-vinculin (V9131, Sigma-Aldrich, St. Louis, MO). Secondary antibodies included anti-goat 
IgG-FITC (F7367, Sigma-Aldrich, St. Louis, MO) and anti-mouse Alexa 647 (Invitrogen). Cells 
were mounted with ProLong Gold Antifade Reagent (Invitrogen). 
Microscopy was performed with a Zeiss LSM 700 laser-scanning confocal microscope 
equipped with a Plan Apochromat 63x/1.4 NA oil immersion objective lens (Zeiss). 
Fluorescence was excited with 405nm, 488nm, 555nm, and 633nm lasers. Eight-bit 512 x 512 
images were acquired with a digital camera, a 2-channel spectral detection system, and 
sequential line-by-line scanning using ZEN 2008 software (Zeiss). Sections along the optical (z) 
axis were acquired. Interendothelial gap area was quantified using ImageJ software (version 
1.44, National Institutes of Health). 
 
Confocal Image Analyses 
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In order to compare force-induced changes in protein accumulation at bead-cell junctions, 
mean fluorescence intensities of VE-cadherin, vinculin, and F-actin were quantified from cells 
fixed before and after bond shear by MTC. Mean fluorescence intensities were quantified from 
optical z-axis sections displaying beads in focus, using ImageJ software. Fluorescence intensities 
surrounding each bead were quantified by drawing a ring extending 1.0-1.5 µm from the bead 
edge, and a mask designating a filled outline of the bead (region of interest, ROI) was defined 
based on DIC images (Fig. 4.6A). The mean fluorescence intensity of VE-cadherin, vinculin, and 
F-actin surrounding > 30 beads (~one bead per cell) for each condition was subtracted by the 
respective background fluorescence channel, defined by the mean intensity of a user defined area 
near each bead, excluding pixels within the defined ROI surrounding each bead. Averages of the 
mean fluorescence intensities surrounding each bead-cell pair, and standard errors of the mean 
were calculated in Microsoft Excel and plotted in histograms as the percent change after 
applying shear stress. The absence of VE-cadherin around beads identified beads that did not 
engage cell surface cadherins. The latter beads were excluded from the analyses. 
Line-scan analyses were performed to display spatial variations in the proteins around 
beads. For each bead-cell pair (n > 30), a straight line was drawn across the bead center and 
extended 3 µm beyond the bead edges. The background fluorescence level was defined as the 
mean intensity of a user defined cytoplasmic region near each bead. The background-subtracted 
fluorescence intensity profile was averaged for each data set and plotted using Microsoft Excel 
2011 software.     
 
Analysis of Focal Adhesions 
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ECs were bound with VE-cadherin-Fc coated beads, and 2.4 Pa shear stress was applied 
for 2 min. ECs were stained with anti-paxillin antibody to display focal adhesions. Focal 
adhesion number and size were quantified from confocal images, acquired at the basal surface of 
the cells. Background subtracted images displaying focal adhesions were created by setting an 
intensity threshold, and focal adhesions were analyzed using a Matlab algorithm from Brenton D. 
Hoffman at Duke University (based on (194)) followed by the “analyze particles” function in 
ImageJ. 
 
Statistical Analysis 
 
The reported modulus (junction stiffness) from magnetic twisting experiments is 
expressed as the geometric mean ± SD of a population of different bead-cell pairs that follows a 
log normal distribution. Two-tailed student’s t-tests were performed with Microsoft Excel 2011 
software, in order to compare the means of data from two different experimental groups. In this 
chapter, p < 0.05 is considered statistically significant, at the 95% confidence level. 
 
4.3 Results 
 
4.3.1 Remodeling of VE-Cadherin Complexes in Response to Mechanical Force 
 
Direct mechanical stimulation of VE-cadherin bonds triggered force-dependent 
cytoskeletal remodeling, like their type I classical cadherin counterparts. Magnetic twisting 
cytometry (MTC) (143) was used to apply a shearing force directly to VE-cadherin-coated beads 
bound to VE-cadherin receptors at the cell surface. MTC measurements quantify the viscoelastic 
properties of cell-surface receptors and connections to the membrane and cytoskeleton. Here, 
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VE-cadherin coated beads adhere to VE-cadherin expressed on the endothelial cell surface. A 
continuously oscillating field orthogonal to the bead magnetization axis induces a twisting torque 
on the beads and VE-cadherin bonds. The amplitude of the resulting bead displacement reflects 
the viscous and elastic properties of the junction and attached cytoskeleton. In these studies, 
changes in bead displacement are due mainly to changes in the elastic modulus of the junctions. 
To determine whether endothelial cells reinforce VE-cadherin junctions in proportion to 
the applied shear – a signature of force sensation – the magnetic field strength, H, was increased 
stepwise (10 s intervals from 0.3 - 75 Gauss, equivalent to a shear stress of 0.036 - 9 Pa), with no 
pause between successive increases in the field, and hence in the applied bond shear. The 
increase in the elastic modulus of VE-cadherin junctions with increasing applied shear stress (Fig. 
4.1A) indicated that VE-cadherin complexes are force sensitive. This increase in junction 
stiffness with applied shear was reversible. In experimental controls for potential hysteresis, the 
modulus of VE-cadherin junctions decreased with decreasing applied shear stress (Fig. 4.1B). 
Organized actin was required for VE-cadherin based mechanotransduction. Cytochalasin 
D, an inhibitor of actin polymerization, diminished the force-dependent stiffening of VE-
cadherin bead-cell junctions by 58% at 1.2 Pa applied shear, and up to 75% at 9 Pa applied shear 
(p < 0.001, n > 300 bead-cell pairs) (Fig. 4.1A). The basal stiffness of VE-cadherin junctions, 
which reflects the cortical stiffness (195), was determined by briefly applying stress to 
previously unperturbed bead-cell junctions. The basal stiffness increased with the amplitude of 
applied shear on VE-cadherin receptors (Fig. 4.1C).  
 
4.3.2 Dependence of VE-Cadherin Mechanotransduction on F-Actin, Rho, and PI3K 
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To compare VE-cadherin dependent mechanotransduction with prior reports (83, 196), 
and to identify molecular cascades triggered by VE-cadherin bond shear, a continuously 
oscillating field (20 Gauss, equivalent to 2.4 Pa of shear stress) was applied for 2 min. This 
approach was used to demonstrate acute E-cadherin mechanotransduction in epithelial cells (84). 
The measured bead displacement amplitudes, decreased with forcing time, indicative of force-
activated VE-cadherin junction stiffening under continuous bond shear (Fig. 4.2A). In these 
acute measurements, the junction stiffness increased 22% within 2 min, relative to the basal 
stiffness of unperturbed adhesions. In agreement with prior reports, actin disruption with 
cytochalasin D decreased the stiffening response to only 4%, over 2 min intervals (Fig. 4.2A,B). 
This is 81% lower than exhibited by non-treated cells (p < 0.001).  
Interendothelial complexes comprise VE-cadherin, PECAM-1, and VEGFR. Studies 
showed that PECAM-1 mediated force transduction required Rho kinase (ROCK) and PI3K (88, 
89). PI3K may activate downstream VE-cadherin phosphorylation (197). PI3K also activates 
integrins to modulate cell contractility (88, 89, 198).  
Cell treatment with LY294002 decreased the VE-cadherin dependent stiffening response 
to -14%, relative to non-perturbed cells. The inhibitor LY294002 targets the PI3K isoform 110α, 
which was implicated in tumor necrosis factor (TNF)-dependent destabilization of endothelial 
junctions. Similarly, the Rho kinase (ROCK) inhibitor, Y-27632, reduced the force dependent 
stiffening response to -7%, relative to unperturbed cells (Fig. 4.2B). Myosin II inhibition with 
blebbistatin reduced the overall stiffening response to 13%, which is less than non-treated cells 
(p = 0.33). Blebbistatin similarly did not ablate E-cadherin mediated stiffening, but reduced the 
amplitude relative to untreated cells (83).  
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The microtubule disruptor, nocodazole, increased the stiffening response to 35%, which 
is greater than non-treated cells (p = 0.26) (Fig. 4.2B). Microtubule disruption increases 
contractility and integrin-dependent signaling (199). The enhanced stiffening suggests that the 
VE-cadherin-based force sensing response may depend on the contractile state of the cells. 
 
4.3.3 Dependence of VE-Cadherin Mechanotransduction on Ligand Identity 
 
A prior report, in which pulls on cell-surface VE-cadherins with beads coated with anti-
VE-cadherin antibody failed to activate integrins, might suggest that VE-cadherin complexes are 
not endothelial force sensors (88). However, Leckband et al showed that mechanotransduction 
by type I classical cadherins is ligand-specific. Homophilic cadherin ligation is obligatory, and 
beads coated with anti-cadherin antibodies or with heterophilic cadherin ligands did not trigger 
cadherin-based mechanotransduction (83, 196). In this chapter, I found that VE-cadherin based 
mechanotransduction is similarly ligand-specific, by applying continuous bond shear to beads 
coated with anti-VE-cadherin antibody, poly-L-lysine (PLL), or recombinant VE-cadherin 
ectodomains (VE-cadherin-Fc). A positive control used beads coated with human fibronectin 
because integrin-based adhesions are well-established mechanosensors (195).  
Figure 4.3 shows the force-triggered responses of cells to the different bead coatings. The 
stiffening responses to both VE-cadherin-Fc and fibronectin coated beads were comparable (Fig. 
4.3A), with the stiffness increasing to 23% and 25%, respectively (Fig. 4.3B). Controls with VE-
cadherin blocking antibody in solution confirmed that the VE-cadherin-Fc beads adhere to the 
cell surface via homophilic VE-cadherin bonds (Fig. 4.3C). By contrast, MTC measurements 
with beads coated with an anti-VE-cadherin antibody, which binds to the first extracellular 
domain of VE-cadherin, did not induce stiffening, consistent with prior reports (83, 88, 196). 
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Beads coated with PLL, which bind cells nonspecifically without inducing signaling, similarly 
did not trigger a stiffening response.  
These results demonstrate that VE-cadherin complexes also transduce applied mechanical 
force. VE-cadherin-based mechanosensing requires homophilic ligation, such that mere tugging 
on the ectodomain with antibody-coated beads did not induce adaptive stiffening. 
 
4.3.4 PECAM-1-Dependent Junction Remodeling and Requirement of Specific Ligation 
 
Prior studies identified PECAM-1, but not VE-cadherin, as the fluid shear stress sensor at 
interendothelial junctions (88, 200). I therefore tested whether PECAM-1 also exhibits force-
dependent junction remodeling in MTC measurements, using beads coated with either of two 
different anti-PECAM-1 antibodies: a commercially available PECAM-1 antibody that binds to 
extracellular domain 6 of PECAM-1, and the PECAM-1.3 antibody (gift from P. Newman) that 
binds to extracellular domain 1 (183, 201). Prior studies of PECAM-1 mechanotransduction used 
beads coated with PECAM-1.3 antibody (88, 89). 
In MTC studies, the commercial anti-PECAM-1 antibody against extracellular domain 6 
failed to induce junction remodeling (3% after 2 min applied shear; p = 0.008 compared to VE-
cadherin-Fc beads) (Fig. 4.4A,B). By contrast, use of beads coated with anti-PECAM-1.3, which 
binds extracellular domain 1 of PECAM-1, induced a 17% stiffening increase within 2 min of 
applied shear, comparable to VE-cadherin-Fc induced stiffening (22%, p = 0.29). These results 
reveal that PECAM-1-based mechanotransduction is epitope specific. As with cadherins (196), 
simply pulling on PECAM-1 was insufficient to activate mechanotransduction. This finding 
suggests that PECAM-1 mechanotransduction may require an epitope specific conformational 
change. 
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4.3.5 VE-Cadherin Bond Shear and Induction of Local, Force-Dependent Cytoskeletal 
Remodeling 
In order to identify molecular cascades triggered by VE-cadherin bond shear, 
immunofluorescence imaging of cells fixed before or after shearing VE-cadherin adhesions 
quantified changes in F-actin, vinculin, and VE-cadherin localized at bead-cell junctions. Studies 
were performed under identical conditions as used to obtain data in Figures 4.3 and 4.4, and I 
compared the population-averaged fluorescence intensities over large numbers of bead-cell 
junctions (n > 30), before and after bond shear. Because the sample conditions were otherwise 
identical, intensity differences at sheared versus unsheared beads are attributed to force-actuated 
changes.   
In unperturbed cell monolayers, visible rings of VE-cadherin surrounded VE-cadherin-Fc 
coated beads bound to the apical cell surface (Fig. 4.5A,B, top). Line scan analyses of the 
fluorescence intensity across the beads revealed that some F-actin was also present at these 
junctions, but within 2 min of shearing VE-cadherin bonds, the fluorescence intensity and 
thickness of the F-actin rings increased significantly (Fig. 4.5A,B, bottom panels). The VE-
cadherin fluorescence also increased, but the fluorescence increase was much lower than actin 
(Fig. 4.5B, bottom).  
Line scans do not reflect the spatial distribution of proteins around the beads (202). 
Instead, I quantified the mean protein accumulation, based on changes in the mean fluorescence 
intensity (MFI) in a region of interest (ROI) surrounding n > 30 bead-cell pairs for each 
condition (Fig. 4.6A, top left). In unperturbed cells, F-actin, vinculin, and VE-cadherin were 
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present at VE-cadherin bead-cell junctions (Fig. 4.6A, top). Within 2 min of shearing VE-
cadherin bonds, the fluorescence intensities and thicknesses of the F-actin and vinculin rings 
increased significantly (n > 30, p < 0.001; Fig. 4.6A, bottom). VE-cadherin also increased at 
bead-cell junctions, analogous to the thickening of the cadherin-associated β-catenin zone at cell-
cell junctions, in response to endogenous tugging forces (87). The accumulation of these proteins 
required homophilic VE-cadherin ligation: controls with anti-VE-cadherin-coated beads did not 
induce force-dependent accumulation of VE-cadherin, F-actin, or vinculin (Fig. 4.6B). Force 
exerted nonspecifically through PLL coated beads also did not induce local cytoskeletal 
remodeling (Fig. 4.6C). Figure 4.6D-F displays the normalized quantified mean fluorescence 
intensities before and after applying shear. The MFIs for the three proteins, determined before 
and after shear, were normalized by the VE-cadherin MFI before shear.  The force-dependent 
recruitment of VE-cadherin, F-actin, and vinculin to stressed VE-cadherin junctions occurred on 
the same time scale as adaptive stiffening (Fig. 4.3A), and this spatio-temporal correlation 
suggests that the measured stiffening response is due in part to this subcellular remodeling.  
PECAM-1 mediated adaptive stiffening required specific ligation with anti-PECAM-1.3 
coated beads (Fig. 4.4A,B). Because VE-cadherin and PECAM-1 form a flow sensitive complex 
with VEGFR2, I tested whether mechanical coupling between PECAM-1 and VE-cadherin 
receptors might trigger a conformational change in α-catenin at VE-cadherin/β-catenin 
complexes and consequently recruit vinculin and actin. Beads coated with anti-PECAM-1 
antibody did not induce local cytoskeletal remodeling (Fig. 4.7A,C). However, beads coated with 
anti-PECAM-1.3 antibody did induce some accumulation of F-actin, but not vinculin, to local 
junctions (p = 0.025) (Fig. 4.7D). The F-actin accumulation at sheared anti-PECAM-1.3 coated 
beads (Fig. 4.7D) was much less than at sheared VE-cadherin-Fc beads (Fig. 4.6D), and it was 
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not accompanied by force-dependent vinculin accumulation. Thus, the actin accumulation 
following PECAM-1 stimulation involves a different mechanism than at VE-cadherin junctions. 
These results and the ligand-specificity of cytoskeletal remodeling and adaptive stiffening argue 
against mechanical coupling between VE-cadherin and PECAM-1.  
 The effects of different inhibitors on VE-cadherin mediated stiffening corresponded with 
shear-dependent junctional remodeling. Treatment with the actin disruptor, cytochalasin D, or 
with the myosin II ATPase inhibitor, blebbistatin, abolished shear-dependent protein 
accumulation (Fig. 4.8A,B). Thus, both adaptive stiffening and the local force-activated protein 
accumulation of VE-cadherin, vinculin, and F-actin to junctions required organized actin and 
myosin II. In unperturbed cells treated with nocodazole, F-actin and vinculin accumulated 
around beads, and bond shear further increased F-actin and vinculin recruitment to bead-cell 
junctions (Fig. 4.8C). By contrast, inhibiting ROCK or PI3K similarly abolished F-actin and 
vinculin accumulation following bead twisting, compared to non-treated cells (Fig. 4.8D,E).   
 
4.3.6 Propagation of Local VE-Cadherin Mechanotransduction through Endothelial Cell 
Monolayers 
Prior studies of cadherin mechanotransduction focused on the reactive, local remodeling 
of cadherin junctions in response to force (49, 83, 153, 167, 189, 202, 203). At cadherin 
adhesions, α−catenin is the postulated force sensor, but the main α−catenin effector, vinculin, 
appears to primarily alter local cytoskeletal remodeling (152, 189, 202). Conversely, PECAM-1-
mediated force transduction triggers global signals that contribute to adaptive cell stiffening (89).  
To determine whether local VE-cadherin-based mechanotransduction also reciprocally 
triggers global signaling cascades that impinge on spatially separated adhesions, I visualized the 
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impact of apical VE-cadherin perturbations on peripheral intercellular junctions. In unperturbed 
cell monolayers with bound VE-cadherin-coated beads, endothelial cells displayed the typical 
cobblestone morphology with intact, linear adherens junctions (Fig. 4.9A, top panels) and 
cortical F-actin bundles parallel to the cell periphery. Remarkably, bond shear applied to apical 
VE-cadherin triggered the disruption of peripheral adherens junctions, as visualized by punctate 
VE-cadherin staining, the formation of radial actin fibers, and gap formation between endothelial 
cells (Fig. 4.9A, bottom). These effects are similar to those induced by pro-inflammatory stimuli 
such as thrombin and HGF (176, 204), which alter global cell contractility. Additionally, 
immunofluorescence images of basal paxillin revealed the force-induced remodeling of focal 
adhesions at the cell periphery (Fig. 4.10A). These subcellular changes coincided with an 
increase in interendothelial gaps (Fig. 4.9E). The global changes were VE-cadherin specific: 
mechanical perturbations with beads coated with anti-VE-cadherin antibody, PLL, or anti-
PECAM-1 failed to induce similar junctional remodeling (Fig. 4.9B-D). Anti-VE-cadherin-beads 
failed to induce focal adhesion remodeling or increase interendothelial gaps (Figs. 4.9E, 4.10B). 
These findings reveal that cadherin-based mechanotransduction also triggers global signals and 
is not limited to local cytoskeletal remodeling. 
I hypothesized that gap formation at peripheral cell junctions might alter the force 
balance between neighboring cells, to further actuate signals that propagate mechanical 
information to next nearest neighbors. To determine distances over which local VE-cadherin 
mechanotransduction signals propagate to alter interendothelial junctions, I imaged endothelial 
monolayers seeded with a low number of VE-cadherin-Fc coated beads that were confined to a 
discrete section of the monolayer (Fig. 4.11A). Images at the bead front were compared before 
and after bead twisting. This differed from measurements described in Figure 4.6 where the 
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densities were ~1 bead/cell. This sparse distribution enabled visualization of several cells that 
were not in direct contact with bead-loaded cells or their immediate neighbors.  
Remarkably, these local mechanical perturbations propagated through the cell monolayer, 
across the junctions of several unperturbed cells, to alter junctions several cells away from the 
location of force application (Fig. 4.11A). These distal cells exhibited very similar global and 
junctional changes as cells stimulated directly with single VE-cadherin coated beads: namely, 
cytoskeletal re-organization and radial actin formation, junction disruption, and concurrent 
appearance of punctate vinculin that co-localized with VE-cadherin at remodeling junctions. 
These same changes were evident not only at junctions between cells bound with beads, but also 
in distal cells that did not share a boundary with stimulated cells or their immediate neighbors. 
This long-distance mechano-chemical propagation was ligation-specific, because anti-VE-
cadherin antibody did not trigger similar changes (Fig. 4.11B). These findings are distinct from 
reports of glassy tissue dynamics (205, 206). The latter studies focused on the material properties 
of the cytoskeletal network when entire monolayers were stretched or migrating, and did not 
consider the signaling or molecular components involved.   
I did not perform additional experiments identifying proteins that mediate the long-
ranged propagation of mechanically induced signals. VE-cadherin-mediated adaptive stiffening 
with coincident vinculin and actin recruitment to beads required PI3K and ROCK (Fig. 4.2B), 
organized actin, and myosin II (Fig. 4.8A,B). However, inhibitors of these components 
destabilize interendothelial junctions, independent of force application. For example, nocodazole 
treatment, which increases actomyosin contractility, both increased stress fiber formation and 
disrupted peripheral adherens junctions. These results are shown in Appendix A. Beyond the 
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junction destabilizing effects of these inhibitors, further force dependent changes were not 
apparent. 
 
4.4 Discussion 
 
In this chapter, I demonstrate that VE-cadherin complexes are mechanosensitive 
intercellular adhesion complexes. I further show that VE-cadherin based mechanotransduction 
activates not only local cytoskeletal remodeling, but also global signals that trigger changes in 
interendothelial junctions and propagate mechanical information through the endothelial 
monolayer to destabilize junctions far from the site of force application. Additionally, results 
show that VE-cadherin and PECAM-1 mechanotransduction are ligand specific, such that both 
local and global, force activated mechanotransduction signals and consequent cytoskeletal 
remodeling requires homophilic VE-cadherin ligation. 
Directly shearing VE-cadherin receptors demonstrated that VE-cadherin complexes, like 
type I classical cadherins (83), are mechanosensors that trigger junctional cytoskeletal 
remodeling, in response to force. These findings support the view that endogenous myosin II-
dependent tugging forces on cadherin adhesions, triggered by Rho activators, growth factors, or 
inflammatory mediators can trigger VE-cadherin junction remodeling (87, 152, 167, 182, 207). 
However, the activation of endogenous contractile forces increased tension generally at 
intercellular junctions (87, 155) where other proteins such as PECAM-1 could contribute to 
mechanotransduction (89, 208). The actin and vinculin recruitment to sheared VE-cadherin-
coated beads parallels both the punctate vinculin staining and thickening of interendothelial 
junctions, following myosin II activation (87, 167). These similarities argue that responses to 
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both acute, exogenous force and to endogenous actomyosin tugging forces on interendothelial 
junctions reflect the same VE-cadherin-based mechanosensing mechanism. 
The finding that VE-cadherin complexes are mechanosensors might be anticipated 
because α-catenin, which is a mechanosensor at type I classical cadherin adhesions (49, 189, 
202), also binds to β-catenin at VE-cadherin adhesions. However, VE-cadherin can bind either 
β-catenin or plakoglobin (γ-catenin) (209). Leckband et al identified α-catenin at both resting 
and stressed endothelial-bead junctions, and stress-induced vinculin recruitment to those 
junctions is consistent with the postulated exposure of the cryptic vinculin site in VE-cadherin-
associated α-catenin (189).   
The ligand specificity of VE-cadherin mechanotransduction accounts for the inability to 
activate integrins, by tugging on VE-cadherin with anti-VE-cadherin-coated beads (88). This 
intriguing, ligand-selective mechanotransduction suggests that the engagement of force-
transduction machinery requires a ligation-induced conformational change, such that merely 
tugging on the complexes is insufficient to trigger cytoskeletal remodeling or adaptive stiffening. 
This behavior is analogous to integrins, which require specific ligation or conformationally-
selective antibodies for activation (210).  
PECAM-1 mechanotransduction similarly appears to be epitope specific. PECAM-1 bond 
shear with anti-PECAM antibody against domain 1, but not against domain 6, triggered 
PECAM-1 junction remodeling. These two anti-PECAM antibodies reportedly have different 
functional effects: namely, anti-PECAM-1.3 enhances PECAM-1 activity, but the commercial 
antibody does not (211). The different behavior triggered with these different anti-PECAM-1 
antibodies suggests that PECAM-1 mechanotransduction may also be allosterically regulated.  
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Importantly, VE-cadherin mechanotransduction triggers PI3K- and ROCK-dependent 
global signaling that affects other adhesions in the cell, and this demonstrates that force 
transduction involves more than α-catenin unfurling (189, 212). Global signaling induced by 
PECAM-1 also involves activation of PI3K and ROCK. The similarities between VE-cadherin 
and PECAM-1 adaptive stiffening suggest that they might share common mechanotransduction 
pathways (89). Results presented in this study, and the specificity of mechanotransduction for 
both VE-cadherin and PECAM-1, argue against inadvertent mechanical activation of closely 
associated membrane proteins. Although PECAM-1.3 beads triggered some actin accumulation, 
the accumulation was less than with VE-cadherin-coated beads and did not involve vinculin 
recruitment, which associates with unfurled α-catenin at cadherin adhesions (189, 202). VE-
cadherin triggered cell stiffening and coincident disruption of interendothelial junctions may 
similarly involve VEGFR2-mediated activation of PI3K, and downstream stimulation of Rho-
ROCK and cell contractility via integrin activation. I did not further investigate global signaling 
mechanisms triggered by VE-cadherin and the possible connection to PECAM-1 flow sensing, 
but this is relevant to the broader mechanism(s) of VE-cadherin-regulated cell mechanics and 
barrier regulation. 
Results in this chapter show that local, VE-cadherin mechanotransduction not only 
triggers local junction remodeling, but also activates global signals that alter cell mechanics, 
remodel focal adhesions, and disrupt peripheral cadherin-mediated junctions. The global, 
remarkably long-ranged propagation of cytoskeletal remodeling and junction disruption, 
triggered by local VE-cadherin-based force transduction, demonstrates that VE-cadherin 
complexes are mechanical and signaling hubs in an integrated mechano-chemical tissue network. 
This appears to be the first demonstration of long-ranged propagation of localized, receptor-
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specific mechanotransduction in tissues. These results reveal mechano-chemical integration that 
enables the rapid, cadherin-specific propagation of mechanical stimuli through the endothelium 
to regulate endothelial monolayer integrity. These results suggest a new force-dependent 
mechanism of endothelial barrier regulation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 83 
4.5 Figures 
!
Figure 4.1. Endothelial cells reinforce VE-cadherin junctions in proportion to locally 
applied external force. (A) MTC experiments were performed with VE-cadherin-Fc coated 
beads bound to ECs. Where indicated, cells were pretreated with cytochalasin D (4 µM, 20 min). 
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The magnetic field strength was increased stepwise (10 s intervals from 0.3 - 75 Gauss, 
equivalent to a shear stress of 0.036 - 9 Pa), with no pause between successive increases in the 
field, and hence in the applied bond shear (n > 300 different bead-cell pairs/condition from four 
independent experiments, *p < 0.001). (B) Hysteresis does not contribute to force-induced 
increases in VE-cadherin junction stiffness. The magnetic field strength was first increased 
stepwise and then decreased back to the initial field strength, with no pause between successive 
increases in the field. For clarity, successive increases and decreases in the field strength are 
presented as separate curves. ECs were bound with VE-cadherin-Fc coated beads and treated 
with cytochalasin D (cyto D) or not treated (no Tx) (n > 300 different bead-cell pairs from four 
independent experiments, *p < 0.001). (C) Basal stiffness of VE-cadherin junctions, measured 
with VE-cadherin-Fc coated beads bound to ECs. The applied stress of 2.4 Pa and 7.2 Pa 
corresponds to a field strength of 20 Gauss and 60 Gauss, respectively (n > 300 bead-cell 
pairs/condition from > six independent experiments, *p < 0.001). 
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Figure 4.2. Endothelial cells actively reinforce VE-cadherin junctions in response to locally 
applied external force. (A) A continuously oscillating field of 20 Gauss, corresponding to 2.4 
Pa of shear stress, was applied for 2 min to VE-cadherin-Fc coated beads bound to ECs (n > 
1100 bead/cell pairs for non-treated cells, and n > 500 bead/cell pairs for cytochalsin D-treated 
cells, from > six independent experiments). (B) ECs were pretreated with inhibitors as indicated 
in Materials and Methods (n > 400 bead-cell pairs/condition except for blebbistatin, n = 172, and 
LY294002, n = 279, from >4 independent experiments, *p < 0.01, **p < 0.001). 
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Figure 4.3. VE-cadherin mechanotransduction depends on ligand identity. (A) Time scale of 
force-actuated junction stiffening relative to t = 0 s. Beads bound to ECs were coated with 
fibronectin, anti-VE-cadherin antibody, PLL, or VE-cadherin-Fc (n > 300 bead-cell 
pairs/condition from ≥ four independent experiments). (B) Percent change in junction stiffness 
after 2 min of applied shear (*p < 0.001). (C) VE-cadherin-Fc coated beads were bound to ECs 
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pre-incubated with anti-VE-cadherin blocking antibody. Displayed is the percent change in 
junction stiffness after 2 min of applied shear (*p < 0.001, n > 300 bead-cell pairs/condition). 
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Figure 4.4. Force-actuated remodeling of PECAM-1 junctions requires specific ligation. (A) 
Temporal stiffening responses in ECs bound with beads coated with anti-PECAM-1 or anti-
PECAM-1.3 antibodies. Data for beads coated with VE-cadherin-Fc or anti-VE-cadherin 
antibody are the same as that presented in Fig. 4.3A, and are shown here for comparison (n > 300 
bead-cell pairs/condition except for anti-PECAM-1.3 antibody coated beads, where n = 188. (B) 
Percent change in junction stiffness after 2 min of applied shear. Data for beads coated with VE-
cadherin-Fc or anti-VE-cadherin antibody are the same as that presented in Fig. 4.3B (*p < 0.05, 
**p < 0.01, ***p < 0.001). 
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Figure 4.5. VE-cadherin specific bond shear induces local accumulation of F-actin. (A) 
Confocal fluorescence images of ECs bound with VE-cadherin-Fc coated beads, before and after 
applying shear stress to VE-cadherin receptors on the apical cell surface. As noted, DIC images 
of the beads were acquired at the apical plane. Beads outlined with a white box were enlarged to 
display protein localization (inset). Images represent > 30 bead-cell pairs/condition from at least 
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three independent experiments (scale bars, 20 µm). (B) Mean fluorescence intensities of F-actin 
and VE-cadherin localized at the bead-cell pairs specified in Fig. 4.5A (white boxes). 
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Figure 4.6. Force-actuated accumulation of vinculin and F-actin at local VE-cadherin 
adhesions requires homophilic VE-cadherin ligation. (A) Beads were coated with VE-
cadherin-Fc and bound to EC monolayers. Yellow circles (top left) indicate the ROI used to 
quantify mean fluorescence intensities of protein accumulation around beads bound to the apical 
surface of ECs. (B) Beads coated with anti-VE-cadherin antibody or (C) PLL. Images represent 
> 30 bead-cell pairs/condition from > two independent experiments (scale bars, 5 µm) (D) Mean 
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fluorescence intensities normalized by the initial VE-cadherin MFI prior to bond shear. Data 
show the normalized MFIs around beads attached to the apical surface of ECs, before and after 
applied shear stress. Beads were coated with VE-cadherin-Fc, (E) anti-VE-cadherin antibody, or 
(F) PLL (n > 30 bead-cell pairs/condition, error bars represent mean percent change ± SEM).   
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Figure 4.7. Force-actuated accumulation of F-actin to PECAM-1 adhesions is ligand 
dependent. (A) Displayed are images of anti-PECAM-1 antibody coated beads bound to EC 
monolayers. (B) Protein accumulation around beads coated with anti-PECAM-1.3 antibody. 
Images represent > 30 bead-cell pairs/condition from > two independent experiments (scale bars, 
5 µm). (C) Corresponding plots of mean fluorescence intensities of proteins localized around 
beads coated with anti-PECAM-1 antibody or (D) anti-PECAM-1.3, *p < 0.05. 
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Figure 4.8. Force-actuated protein accumulation at local VE-cadherin junctions requires 
an organized, contractile actomyosin cytoskeleton. (A) EC monolayers were treated with 4 
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µM Cytochalasin D for 20 min, (B) 100 µM blebbistatin for 20 min, (C) 20 µM nocodazole for 
30 min, (D) 10 µM Y-27632 for 1 h, or (E) 30 µM LY294002 for 20 min. All beads were coated 
with VE-cadherin-Fc. Images represent > 30 bead-cell pairs/condition from > two independent 
experiments, scale bars represent 5 µm).  
  
 96 
 
 
 
Figure 4.9. VE-cadherin mechanotransduction remodels adherens junctions distal to sites 
of force application. (A) EC monolayers bound with VE-cadherin-Fc beads, before and after 
applied shear stress (scale bars, 20 µm). (B) Confocal fluorescence images, acquired at the basal 
plane of cells, displaying adherens junction and cell morphology, focal adhesions (vinculin), and 
F-actin organization. ECs were bound with beads coated with anti-VE-cadherin antibody, (C) 
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PLL, or (D) anti-PECAM-1 antibody (images represent > 12 images/condition from three 
independent experiments, scale bars represent 5 µm). (E) Quantification of gap area between 
ECs, after applying shear stress for 2 min (n > 8 images/condition from two independent 
experiments). Plot shows mean ± SEM of interendothelial gaps, *p < 0.001. 
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Figure 4.10. VE-cadherin mechanotransduction alters the distribution and number of focal 
adhesions. (A) ECs were bound with VE-cadherin-Fc coated beads, and 2.4 Pa shear stress was 
applied for 2 min. ECs were stained with anti-paxillin antibody to display focal adhesions. Focal 
adhesion number and size were quantified from confocal images, acquired at the basal surface of 
the cells. Values were normalized to the condition before applying shear force. Representative 
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images and corresponding graphs showing extracted focal adhesions for analysis are displayed (n 
> 8 images/condition from two independent experiments; scale bar represents 20 µm, *p < 
0.001). (B) Quantitative analysis of focal adhesions in ECs bound with anti-VE-cadherin 
antibody coated beads.  
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Figure 4.11. Force-actuated remodeling of local VE-cadherin junctions induces remodeling 
of neighboring cells without an externally applied force stimulus. (A) EC monolayers were 
seeded with a low density of VE-cadherin-Fc coated beads confined to a discrete section of the 
monolayer. Cells with bound beads are marked by yellow asterisks (merged image, bottom). (B) 
Anti-VE-cadherin antibody beads bound to EC monolayers. Images are representative of > three 
independent experiments. Scale bars, 20 µm. 
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Chapter 5: Impact of Substrate Rigidity on Endothelial Cell-Cell 
Junctions 
 
5.1 Introduction 
 
The endothelial barrier serves a critical role in the regulation of vascular smooth muscle 
tone, inflammatory responses, angiogenesis, and tissue fluid homeostasis (91). A loss of barrier 
function results in tissue inflammation associated with vascular leakage disorders such as acute 
respiratory distress syndrome (ARDS) (185) and atherosclerosis (213) – both of which contribute 
to high rates of morbidity and mortality in patients. Biomechanical forces such as fluid shear 
stress and ventilator-induced stretch play a fundamental role in the regulation of endothelial 
barrier function (214). At the same time, the mechanical properties of tissues are altered in 
various pathophysiologic processes. Normal human adipose tissue had an elastic modulus of 0.4 
± 0.2 kPa, but that of breast tumor tissue was 10.7 ± 0.9 kPa (215). The moduli of human 
umbilical vein endothelial cells were 1.4 ± 0.1 to 6.8 ± 0.4 kPa (216), but rigidity increases 
significantly near atherosclerotic lesions (217) and in aged arteries (100). 
Cells sense and respond to underlying matrix rigidity via integrin-dependent signaling to 
alter cell contractility and differentiation (74, 75). Increased rigidity is associated with increased 
assembly of focal adhesion complexes (75, 76), which propagate mechanical signals globally 
through the cytoskeleton (76, 78, 143). 
Integrin-mediated adhesion to the extracellular matrix regulates endothelial adherens 
junctions (207, 214), which comprise VE-cadherins as the major structural proteins (209). 
Integrin ligation resulted in a loss of VE-cadherin from cell-cell contacts (218). Crosstalk 
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between integrin- and cadherin-mediated adhesions could be modulated by mechanical stress 
triggered by the extracellular matrix (ECM). Studies indicate that increased substrate rigidity 
induced integrin-dependent actomyosin contraction at the cell periphery, which physically 
disrupted cadherin-mediated adhesion (219).  
Evidence suggests that focal adhesion kinase (FAK) plays an important role in the 
mechanical crosstalk between integrin- and cadherin-mediated adhesions (220). FAK is a non-
receptor tyrosine kinase that maintains cell-ECM interactions at focal adhesions (221, 222). 
Integrin ligation activates FAK and then activates Src-family kinases, which have been shown to 
both regulate contractility at the cell periphery (223) and remodel the actin cytoskeleton via Rho 
GTPases (224). Cells displayed increasing focal adhesions and FAK phosphorylation (225), as 
well as RhoA activity (226, 227) with increasing substrate rigidity. FAK phosphorylation at its 
autophosphorylation site, Tyr 397, appears to be important for mechanosensing because FAK 
was phosphorylated when mechanical strain was applied to smooth muscle cells (228). 
Furthermore, phosphorylation at Tyr 397 resulted in FAK localization to the leading edge of 
motile endothelial cells (229), and expression of a FAK mutant (Y397F) in fibroblasts did not 
affect remodeling of focal adhesions in response to mechanical stimulation (230). Rigidity-
dependent changes in signaling regulate the degree of cellular contractility. For example, 
substrate stiffness increased RhoA activity, which promotes contractility through its downstream 
effector, myosin II (226, 227).  
Endothelial adherens junctions are regulated by the Rho GTPases. Increased RhoA 
activity increases endothelial permeability via actomyosin contractility (231, 232). RhoA 
activation is antagonistic to Rac, which reinforces the endothelial barrier by restoring adherens 
junctions (233). The antagonism between Rac1 and RhoA is regulated by p120-catenin via its 
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effector p190RhoGAP (71). p190RhoGAP inhibited Rho activation when Rac was activated by 
cadherin ligation (68). 
The role of FAK in Rho GTPase signaling is less clear. FAK was required for junction 
re-annealing after junctions were disrupted by thrombin stimulation (234). In order to investigate 
the role of FAK in GTPase signaling, Mehta et al inhibited FAK using FAK-related non-kinase 
(FRNK), which encodes the non-catalytic C-terminal region of FAK and acts as dominant-
negative FAK (235). FAK inhibition increased basal RhoA activity, which further increased 
following thrombin stimulation, and returned to high basal levels by 30 min. FAK inhibition did 
not increase basal activity of Rac or Cdc42. Additionally, increased basal actin stress fiber 
formation was visualized in GFP-FRNK expressing cells compared to control cells. These results 
suggest that FAK promotes barrier recovery by inhibiting RhoA activity.  
Other reports suggest that FAK activates Rac (236), or that FAK inhibits Rac at the cell 
periphery (224). Also, FAK inhibited RhoA by inducing the activation of p190RhoGAP (235). 
These seemingly contradictory findings may be attributed to mechanisms that are context-
dependent or rely on feedback control. Differential mechanisms of FAK activation could also 
account for the different responses. There are several known phosphorylation sites on FAK, 
including Y397, Y576, Y577, and Y925, that could induce different downstream signaling 
events (237). Another possibility is that the magnitude of intracellular tension (regulated by soft 
vs. rigid substrates, for example) could trigger different FAK-dependent signaling pathways (Fig. 
5.1). In this chapter, I addressed the role of endothelial mechanics in the regulation in substrate 
rigidity sensing and endothelial barrier regulation.  
In this chapter, I investigated the impact of tissue mechanics (matrix rigidity) on 
endothelial adherens junctions and signaling pathways that regulate cellular contractility. Using 
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confocal microscopy, I visualized adherens junction integrity and cytoskeletal rearrangements as 
a function of the endogenous contractile state of BAECs, which was modulated by culturing cells 
on hydrogel substrates with controlled mechanical properties. Furthermore, I examined the 
activation of FAK in response to dynamic adherens junction remodeling, over the time course of 
thrombin-induced junction disassembly and re-annealing. Results of this study identified links 
between mechanical and signaling networks that couple endogenous contractile force and 
cytoskeletal remodeling of adherens junctions. 
 
5.2 Materials and Methods 
 
Cell Culture and Reagents 
 
Primary bovine aortic endothelial cells (BAECs) were isolated from fresh bovine aortas 
harvested at the University of Illinois Meat Science Laboratory (Yingxiao Wang, University of 
Illinois). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 
with 10% (v/v) fetal bovine serum (FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin in 
a humidified 5% CO2 atmosphere at 37°C.  
 
Preparation of Hydrogel Substrates  
 
 Polyacrylamide hydrogels were prepared and functionalized as described previously (238, 
239). Specifically, hydrogel rigidity was controlled by the concentration of acrylamide and bis-
acrylamide in the gel solutions. The glass area of 35 mm glass-bottom dishes (Cell E & G) was 
covered with 0.1 M NaOH and dried overnight at room temperature. Then, the glass area was 
coated with (3-aminopropyl)trimethoxysilane (APTMS) (Sigma-Aldrich, St. Louis, MO) using a 
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cotton swab. After incubating the dishes for 6 min at room temperature, they were washed three 
times with deionized water. Dishes were dried at room temperature. The glass area was coated 
with 0.5% (v/v) glutaraldehyde (Sigma-Aldrich, St. Louis, MO) diluted in PBS, for 30 min, then 
washed three times with deionized water. Dishes were dried completely at room temperature, for 
at least 30 min. Next, the optically transparent gels were polymerized directly on the glass area 
of the dishes, for imaging. Gels were stored overnight in 100 mM HEPES (pH 7.5) at room 
temperature. Then, the gels were covalently modified with fibronectin (240) in order to facilitate 
integrin-dependent attachment. Briefly, the gels were activated with sulfo-SANPAH (0.5 mg/ml, 
100 mM HEPES, pH 7.5) (Pierce, Rockford, IL) and irradiated twice at 320 nm for 8 min. Gels 
were then washed with 100 mM HEPES (pH 7.5). Bovine fibronectin (Calbiochem) (0.2 mg/ml, 
diluted in deionized water) was incubated with the activated gels overnight at 4°C. For control 
experiments of cells grown on glass substrates, the glass area of 35 mm glass-bottom dishes was 
coated with 0.2 mg/ml bovine fibronectin on glass for 45 min at room temperature.  
 
Characterization of Hydrogel Stiffness  
 
The elastic moduli of hydrogels were characterized with a cone and plate rheometer. The 
storage and loss moduli were measured in oscillating mode with a High Resolution C-VOR 
rheometer and Bohlin software. Measurements were performed with a temperature-controlled 
stage set at 25°C. Hydrogels 150 µm thick were polymerized directly between the 40 mm plate 
and cone measuring system. The thickness of the hydrogels was controlled by the gap size using 
the rheometer’s autotension function, which controls the upward or downward applied force on 
the parallel plate measuring system. After 20 min of polymerization, the hydrogels were first 
measured by performing an amplitude sweep at a constant frequency (2 radians/second) in order 
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to determine the viscoelastic properties of the hydrogel. Then, a frequency sweep was performed 
at a constant, low applied shear stress. The rheometer measured the phase shift between the 
stress and the strain, while other viscoelastic properties could be calculated. Hydrogels were 
measured at a controlled stress and frequency, as determined by the amplitude and frequency 
sweeps. Thirty measurements were collected for each hydrogel.  
 
Characterization of Protein Coverage on Hydrogels 
Bovine serum albumin was labeled with fluorescein isothiocyanate (FITC) by incubation 
in 0.1 M NaHCO3 buffer at pH 9.0. The conjugated BSA-FITC protein was purified from the 
unreacted labeling reagent using Centriprep centrifugal filter tubes with Ultracel YM-10 
regenerated cellulose membranes (Millipore). The purified, conjugated protein was protected 
from light and stored in PBS at 4°C. The concentration of BSA-FITC was determined using a 
BCA protein assay kit (Pierce), and the degree of labeling was calculated after measuring the 
conjugated protein at the absorbance maximum of FITC (495 nm).  
For assessment of protein coverage on hydrogels, 0.2 mg/ml BSA-FITC was covalently 
bound to 5% acrylamide / 0.10% bis-acrylamide gels (2.7 kPa) by treatment with sulfo-
SANPAH and UV irradiation. For gels not covalently modified with protein, gels were incubated 
with 0.2 mg/ml of BSA-FITC and then washed with HEPES buffer. BSA-FITC coverage on gels 
was assessed with a Zeiss Axiovert 200M fluorescence microscope using the “Mark and Find” 
option in Axiovision software (Zeiss). Images of ten different locations across the gels were 
acquired using a 10x objective. The same exposure time and light beam intensity were 
maintained throughout image acquisition. Images were analyzed by measuring mean 
fluorescence intensities using ImageJ software.  
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Culture of Cells on Hydrogels  
 
BAECs were cultured on fibronectin-coated hydrogels of physiologic (250 Pa - 2.7 kPa) 
and pathologic (24 kPa) matrix stiffness (241, 242). After coating with protein, hydrogels were 
washed twice in PBS, followed by sterilization for 30 min under a UV lamp contained within a 
biological safety hood. Gels were flooded with cell culture medium and equilibrated for 30 min 
in a humidified 5% CO2 atmosphere at 37°C. BAECs were trypsinized and seeded on gels 
(50,000 cells / 200 ul). After 1 hour, dishes were flooded with cell culture medium.  
 
Thrombin Treatment 
 
Prior to thrombin treatment, cells were serum starved for one hour by incubating in 
DMEM supplemented with 0.1% FBS. Human alpha thrombin (Enzyme Research Laboratories, 
South Bend, IN) diluted in reduced serum medium (50 nM final concentration) was added to 
cells and incubated for various time points. To inhibit Rho activity, cells were treated with a 
selective inhibitor of the Rho-associated protein kinase p160ROCK (Y-27632) (243) at 10 µM 
for 1 h, diluted in DMEM supplemented with 0.1% FBS (Tocris Bioscience, Ellisville, MO).  
 
Western Blotting 
 
In order to quantify levels of active FAK in endothelial cells as a function of substrate 
rigidity, cell lysates were analyzed by Western blotting for phosphorylated Tyr 397-FAK. After 
stimulating BAECs with thrombin, cells were placed on ice in a 4°C cold room. Media was 
aspirated from the hydrogels, and cells were washed once with ice cold PBS. Cells were lysed 
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for 20 min at 4°C by incubating in lysis buffer (50 mM Tris-HCl, 10 mM MgCl2, 200 mM NaCl, 
1 v/v% Triton X-100, 5 v/v% glycerol, and Roche complete protease inhibitors at pH 7.5) 
containing 100 nM orthovanadate (phosphatase inhibitor). Cells were scraped off the surface of 
the hydrogels using a p120 pipette tip, and lysates were transferred to pre-chilled 1.5 ml 
Eppendorf tubes. Lysates were resuspended by trituration, before being clarified by 
centrifugation at 12,000 x g at 4°C. Protein concentration was measured with a Bio-Rad protein 
assay (Bio-Rad, Hercules, CA).  
For Western blotting, primary antibodies included polyclonal, rabbit anti-FAK antibody 
corresponding to phosphorylated Tyr 397 (Santa Cruz Biotechnology, sc11765-R) and 
polyclonal, rabbit anti-FAK antibody (A-17) against the N-terminus (Santa Cruz Biotechnology, 
sc557). The secondary antibody was horseradish peroxidase conjugated, polyclonal anti-rabbit 
IgG (Sigma-Aldrich, St. Louis, MO). Antibodies were from Dolly Mehta (University of Illinois 
at Chicago). Protein bands were quantified by densitometry using ImageJ64 software (National 
Institutes of Health). Phosphorylated Tyr 397-FAK levels were normalized to total FAK levels to 
account for differences in protein loading.  
 
Immunofluorescence Imaging and Analysis 
 
BAECs cultured on hydrogels were washed once in PBS warmed to 37°C and fixed for 
15 min in 4 w/v% paraformaldehyde at pH 7.4. Cells were then permeabilized for 5 min with 0.1 
v/v% Triton X-100 in PBS and blocked for 30 min in 2 w/v% BSA in PBS at pH 7.4 (blocking 
buffer). Rhodamine-phalloidin (Invitrogen), primary, and secondary antibodies were diluted 
1:100 in blocking buffer and incubated with cells for 1 h. The primary antibodies were goat 
polyclonal anti-VE-cadherin (Santa Cruz Biotechnology, sc6458) or mouse monoclonal anti-β-
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catenin (BD Transduction Laboratories, 610153), and the secondary antibodies were anti-goat 
IgG-FITC (F7367, Sigma-Aldrich, St. Louis, MO) or anti-mouse IgG-FITC (Sigma-Aldrich, St. 
Louis, MO). Cells were mounted with ProLong Gold Antifade Reagent (Invitrogen). 
Microscopy was performed with a Zeiss Axiovert 200 inverted fluorescence microscope 
equipped with a Zeiss Axiocam MR camera or a Leica SP2 laser scanning confocal microscope 
equipped with a 63x 1.4 NA oil objective lens (Beckman Institute, University of Illinois). 8-bit 
depth confocal Z-series images (one micron stepsize sections) were acquired. 
 
5.3 Results 
 
5.3.1 Characterization of Hydrogel Substrates 
 
The elastic moduli of hydrogels as measured by rheology are displayed in Figure 5.1. 
These measurements revealed values that were consistent with published results. For example, 
for 5% AA/0.05% bis-AA hydrogels, Yeung reported that they were ~1.5 kPa (244), and I 
measured 1.49 kPa (Fig. 5.2).  
In order to test the effectiveness of covalent protein attachment to the hydrogel surface, 
FITC-labeled BSA was bound to hydrogels using sulfo-SANPAH and UV irradiation (Fig. 5.3A) 
and compared to hydrogels incubated with BSA-FITC but without treating hydrogels with sulfo-
SANPAH (Fig. 5.3B). This was compared to the background fluorescence levels of hydrogels 
that were not incubated with BSA-FITC (Fig. 5.3C). Gels incubated with BSA-FITC, without 
covalent modification with sulfo-SANPAH, did not retain the same level of protein across the 
gel surface as covalently modified gels. Additionally, protein coverage was not uniform across 
the gels, as indicated by the variations in fluorescence intensity across the gel surface (Fig. 5.3B). 
These qualitative imaging results show that covalent protein linkage to the hydrogels ensures 
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uniform distribution of protein across the gel surface. The quantified mean fluorescence 
intensities of BSA-FITC bound to hydrogels indicated that the protein coverage was greater with 
sulfo-SANPAH activation (Fig. 5.3D). These results suggest that sulfo-SANPAH effectively 
conjugates protein to the gels and is necessary to achieve uniform protein coverage across the gel 
surface.   
 
5.3.2 Matrix Rigidity Regulates the Formation of Endothelial Adherens Junctions 
 
In order to test the impact of matrix rigidity on the formation of adherens junctions, 
experiments used hydrogels with physiologically relevant rigidities that mimic the mechanical 
properties of healthy or diseased tissue (75, 245). BAECs were cultured on fibronectin-coated 
hydrogels resembling physiologic (250 Pa - 2.7 kPa) and pathologic (24 kPa) carotid artery 
tissue stiffness (241, 242). A recent study demonstrated that vascular stiffening, associated with 
aging, increased endothelial permeability and disrupted cell-cell junctions both in vitro and in 
vivo (100). Those findings support the use of matrix stiffness as a relevant mechanical model of 
a pathologic endothelial cell environment (78, 141, 148).  
BAEC monolayers grown on the softest substrates (~250 Pa) were less spread than cells 
on stiffer substrates, and adherens junctions appeared linear (Fig. 5.4). The growth of capillary-
like networks on soft substrates was consistent with reports suggesting that substrate mechanics 
can induce endothelial network assembly that mimics angiogenesis in vitro (246). In contrast, 
cells exhibited an altered phenotype on rigid substrates (~24 kPa) (Fig. 5.4). As predicted, 
individual BAECs within a confluent monolayer were more spread and displayed increased F-
actin stress fibers dispersed throughout the cells. This agrees with published reports of increased 
spreading area and traction force generation by individual endothelial cells sparsely seeded on 
 111 
rigid substrates (247). By contrast, adherens junctions in BAECs on rigid substrates exhibited 
diffuse membrane protrusions, as well as inter-endothelial gaps associated with increased 
endothelial permeability. BAEC monolayers displayed differences in cell morphology, adherens 
junction structure, and cytoskeletal organization in response to altered contractile stress 
associated with substrate rigidity sensing. 
 
5.3.3 Impact of Matrix Rigidity on Dynamic Adherens Junction Remodeling  
 
In order to investigate the impact of matrix rigidity on the remodeling of adherens 
junctions, BAECs were stimulated with thrombin, an inflammatory mediator that disrupts cell-
cell junctions (214). A normal physiologic response of endothelial cells is to spontaneously re-
anneal junctions after thrombin-induced junction disassembly (214). As a control for the 
compliant polyacrylamide hydrogels, cells were grown on glass substrates coated with 
fibronectin (Fig. 5.5A). Before thrombin stimulation, cells exhibited linear, continuous VE-
cadherin staining that resembled intact adherens junctions. Cells appeared to be in close contact 
with each other, and to form sealed junctions. Cortical F-actin was localized at cell-cell 
adhesions. After 10 min of thrombin stimulation, adherens junctions were disrupted and inter-
endothelial gaps formed. The decreased localization of VE-cadherin at inter-endothelial 
adhesions coincided with increased cytosolic localization of VE-cadherin. VE-cadherin staining 
was punctate at adhesions, which were also discontinuous. Radial F-actin stress fibers were also 
prominent. After 30 min of thrombin stimulation, there remained punctate staining of VE-
cadherin at adherens junctions, but F-actin stress fibers diminished as cortical actin fibers 
reassembled at the cell periphery. Within 150 min of thrombin stimulation, adherens junctions 
re-annealed and VE-cadherin staining at intercellular junctions returned to a linear morphology.  
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Endothelial monolayers on 24 kPa hydrogels responded to thrombin stimulation, but 
unlike cells cultured on glass substrates, junctions did not fully re-anneal by 120 min (Fig. 5.5B). 
In order to investigate possible signaling mechanisms involved in rigidity-dependent junction 
remodeling, cells were treated with Y-27632, a selective inhibitor of the Rho-associated protein 
kinase p160ROCK. ROCK inhibition abolished thrombin-induced junction disruption (Fig. 5.5B). 
Cell-cell junctions remained intact, and cells retained thick bands of cortical F-actin without 
forming stress fibers. Moreover, in the absence of thrombin stimulation, the phenotype of 
ROCK-inhibited cells cultured on the 24 kPa gels (Fig. 5.5B, 0 min) resembled the phenotype of 
cells on softer, 2.7 kPa hydrogels (Fig. 5.4). These results suggest that rigidity-induced cell 
contractility depends on Rho activation.  
 
5.3.4 Matrix Rigidity Modulates FAK Signaling  
 
Findings suggest that FAK plays a role in the mechanical crosstalk between integrin-
mediated rigidity sensing and the regulation of cadherin adhesions (220). Increased substrate 
rigidity increased basal FAK activation (FAK phosphorylation) in mammary gland tissue and 
facilitated tumor invasion (225). In order to investigate signaling mechanism(s) that might link 
rigidity sensing with the dynamic regulation of endothelial adherens junctions in response to 
thrombin, I grew BAEC monolayers on 0.25 kPa or 24 kPa fibronoectin-coated hydrogels and 
immunoblotted for FAK phosphorylation at Tyr 397 at various time points over thrombin 
stimulation.  
As predicted, basal FAK activation was increased in cells on stiffer hydrogels (24 kPa) 
compared to 0.25 kPa hydrogels (Fig. 5.6). After 15 min of thrombin stimulation, pTyr397-FAK 
increased in cells on both hydrogels, however thrombin induced more robust phosphorylation of 
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Tyr397-FAK on softer hydrogels (p < 0.05). FAK activation decreased within 120 min of 
thrombin stimulation, but levels for the softer hydrogels remained significantly elevated than 
basal levels (p < 0.05). FAK activation on stiffer hydrogels returned to basal levels. The biphasic 
response to thrombin, characterized by an initial increase in pY397 after 15 min followed by a 
decrease after 120 min, corresponds with the time dependence of thrombin-induced adherens 
junction disruption and resealing, respectively. The decrease in FAK activation to basal levels on 
stiffer hydrogels occurred in conjunction with the re-annealing of adherens junctions (Fig. 5.5B). 
Softer substrates failed to fully re-anneal adherens junctions after thrombin stimulation compared 
to stiffer substrates because inter-endothelial gaps remained in BAEC monolayers cultured on 
hydrogels after 120 min of thrombin stimulation (Fig. 5.5B).  
 
5.4 Discussion 
 
Evidence suggests that compliant polyacrylamide hydrogel substrates control the global 
contractility of cells (148, 238, 247). Imaging BAEC monolayers cultured on hydrogels 
identified the impact of global cell tension on the architecture of adherens junctions and 
associated cytoskeletal elements. BAECs on rigid hydrogels exhibited disrupted adherens 
junctions and inter-endothelial gaps associated with increased permeability. BAEC monolayers 
displayed basal differences in cell morphology, adherens junction structure, and cytoskeletal 
organization in response to altered contractile stress associated with rigidity sensing. Further 
studies identified that endothelial rigidity sensing functions in a Rho-dependent mechanism, and 
substrate rigidity modulates the activation of FAK in thrombin-induced remodeling of adherens 
junctions.  
MTC studies of classical cadherin mechanotransduction demonstrated that the amplitude 
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of force-actuated junction remodeling depended on substrate rigidity. Cadherin-based traction 
forces exerted by MDCK cells were greater on rigid (34 kPa) hydrogels compared to soft (0.6 
kPa) hydrogels coated with cadherins (248). The results of this study suggest that endogenous 
tension, as modulated by substrate rigidity, alters the tension-sensing function of cadherin 
junctions. This dependence is supported by reported increases in intercellular junction size and 
traction forces generated by cells on deformable substrates following thrombin-stimulated cell 
contractility (87, 155). Together, these results highlight the importance of endogenous 
mechanical tension in junction remodeling, however questions remain regarding conflicting 
cellular responses to force. One possible mechanism is that contractile forces biphasically 
modulate cadherin junctions such that low forces positively regulate barrier function while high 
forces destabilize junctions. Force-dependent FAK activation may promote Rac1 activation and 
barrier re-annealing on soft substrates; or may lead to RhoA activation and barrier disruption, on 
very stiff substrates.   
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5.5 Figures 
 
!
 
Figure 5.1. Postulated pathways linking matrix rigidity, force sensing, cell mechanics, and 
endothelial barrier regulation. Integrin ligation activates focal adhesion kinase (FAK), which 
regulates Rho GTPases (Rac1, RhoA) and downstream actin remodeling. Thrombin stimulation 
also activates Rho signaling and triggers disruption of cell-cell junctions. 
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Figure 5.2. Elastic moduli of polyacrylamide hydrogels. Gels were polymerized from 
solutions of differing concentrations of acrylamide (AA) and bis-acrylamide (bis), and elastic 
moduli were measured by rheology. Data represent the mean of 30 measurements recorded per 
sample, and error bars represent s.d. Three independent experiments were performed for each 
condition.  
 
 
  
 117 
Figure 5.3. BSA-FITC coverage on hydrogels. (A) Hydrogels covalently bound with BSA-
FITC using sulfo-SANPAH and UV irradiation. The hydrogel surfaces were imaged by 
fluorescence microscopy. Ten different locations were imaged across gels using a 10x objective. 
Images shown are of two distinct locations on opposite sides of the gel and are representative of 
three independent experiments. (B) Hydrogels incubated with BSA-FITC but without covalent 
binding by treatment with sulfo-SANPAH and UV irradiation. (C) Background fluorescence of 
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hydrogels that were not incubated with protein. Scale bars represent 50 µm. (D) Mean 
fluorescence intensities of BSA-FITC bound to hydrogels. Error bars represent s.d. Data 
represent three independent experiments for each condition.  
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Figure 5.4. Confocal microscopy of endothelial junctions on hydrogel substrates. Cells were 
immunostained with anti-β-catenin antibody (green) to visualize adherens junctions, and 
phalloidin (red) to visualize F-actin organization. Scale bars represent 10 µm.  
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Figure 5.5. Impact of substrate rigidity on dynamic junction remodeling. (A) BAEC 
monolayers grown on glass substrates were stimulated with thrombin for the given time points. 
Nuclei were stained with DAPI (blue). (B) BAEC monolayers grown on 24 kPa gels and 
stimulated with thrombin. Rho activity was inhibited by treating cells with 10 µM Y-27632 for 1 
h. Cells were stained for VE-cadherin (green) and F-actin (red). Images represent at least three 
independent experiments. Scale bars represent 20 µm. 
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Figure 5.5 (cont.) 
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Figure 5.6. Matrix rigidity modulates FAK activity. BAEC monolayers were grown on 0.25 
kPa or 24 kPa hydrogels and stimulated with thrombin for given time points. Phosphorylation of 
Tyr 397 FAK was determined by immunoblotting, and levels of pY397-FAK as measured by 
densitometric analysis were normalized to total FAK levels. Histogram represents the mean +/- 
s.e.m. of two independent experiments. * indicates significant increase in phosphorylation above 
time zero (p < 0.05), and # indicates significant difference between 0.25 kPa and 24 kPa gels at 
120 min (p < 0.05).  
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Chapter 6: Role of VE-Cadherin Mechanotransduction in Disease 
 
6.1 Introduction 
 
Endothelial cells form a dynamic cellular barrier that controls the movement of fluid and 
nutrients between the blood and interstitial space. Endothelial junction remodeling is tightly 
regulated by edemagenic stimuli during inflammatory processes and involves a complex 
interplay of cytoskeletal rearrangements, contractility, and adhesion (91, 214). In non-muscle 
cells such as endothelial cells, cortactin is a key regulator of the actomyosin cytoskeleton and is 
involved in the generation of intracellular tension (249-251). Cortactin directly binds actin and 
the actin related protein (Arp) 2/3 complex, which nucleates branched actin filaments (Fig. 6.1) 
(251). Cortactin localizes to distinct regions of the cell during endothelial barrier disruption and 
recovery. Specifically, thrombin-induced disruption of adherens junctions triggered non-muscle 
myosin light chain kinase (nmMLCK) localization to actin stress fibers and reduced co-
localization of cortactin with nmMLCK fusion proteins. Adherens junction reannealing occurred 
in conjunction with ruffling lamellipodia and localization of cortactin at cortical actomyosin 
rings (252). The prevailing view is that when contractile forces predominate, endothelial cell 
adhesions pull apart to form gaps (214, 253). However, studies also demonstrate that contractile 
force is required for the maintenance of endothelial cell adhesions (87). Moreover, the assembly 
and stability of cadherin adhesions requires myosin activity (87, 152, 254). Understanding the 
mechanical mechanisms of endothelial barrier regulation could identify novel therapeutic 
strategies that could restore barrier function.  
Acute lung injury (ALI) is a devastating condition marked by persistent disruption of 
endothelial adherens junctions. A number of single nucleotide polymorphisms (SNPs) have been 
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identified in patients that are predisposed to ALI (255-259). Patients harboring these mutations 
are more susceptible to ventilator-induced lung injury (VILI), a condition in which endothelial 
damage correlates with mechanical ventilation (104). Using genetic association studies, Garcia et 
al identified one SNP in cortactin (Ser484Asn) (Fig. 6.2) that confers a high genetic 
susceptibility to inflammatory lung disorders associated with endothelial dysfunction; namely 
asthma (107). Preliminary analysis by Dudek et al recently linked the cortactin SNP with sepsis-
induced ALI risk in a small test cohort (unpublished data). Although cortactin is involved in 
actin cytoskeleton reorganization and cellular contractility during inflammatory responses (255), 
determining how the S484N SNP affects these events would be an important step towards 
identifying the basis of ALI.  
Preliminary transendothelial resistance (TER) studies by Dudek et al (unpublished data) 
demonstrated that human pulmonary artery endothelial cells overexpressing S484N SNP-
cortactin failed to promote barrier integrity following thrombin challenge compared to cells 
overexpressing WT-cortactin. In cells overexpressing WT-cortactin, thrombin-induced 
permeability was significantly diminished, which suggests that overexpression of WT-cortactin 
induced a protective effect against thrombin-mediated junction disruption. In contrast, the 
cortactin SNP did not protect against thrombin-induced permeability. This evidence, combined 
with the fact that cortactin interacts with the actin cytoskeleton and plays a role in the regulation 
of endothelial cell contractility, suggests that the disease-associated cortactin SNP impairs 
cytoskeletal remodeling at adherens junctions.  
 In this chapter, I use a combination of mechanical measurements and imaging to 
investigate the impact of the disease-associated cortactin SNP on VE-cadherin 
mechanotransduction and the regulation of adherens junctions. Specifically, I used magnetic 
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twisting cytometry (MTC) and imaging techniques described in Chapter 4. MTC measurements 
enabled real-time quantification of rapid changes in force-dependent junction remodeling, 
localized specifically at VE-cadherin junctions. Experiments involving the ALI-associated 
cortactin SNP directly linked observed mechanical behavior to endothelial pathology.   
 
6.2 Materials and Methods 
 
Cell Culture, Protein, and Plasmids 
 
Human pulmonary artery endothelial cells (HPAECs) were purchased from Lonza 
(Allendale, NJ) and cultured using manufacturer’s recommended Endothelial Basal Medium-2 
(EBM-2) supplemented with defined growth factors and supplements (Endothelial Growth 
Medium-2 SingleQuot Kit, Lonza). Cells were cultured at 37°C in a 5% CO2 humidified 
atmosphere. ECs at passages 6 - 9 were used in experiments.  
HPAECs were transfected with a plasmid cDNA construct for dsRed-cortactin SNP 
fusion protein (Steven Dudek, University of Illinois at Chicago). Because the transfected cells 
overexpressed the fusion proteins, measurements were compared to HPAECs that overexpressed 
the WT fusion proteins (dsRed-WT cortactin), in order to account for differences in expression 
levels. 
As described in Chapter 4, I engineered Chinese Hamster Ovary (CHO) cell lines to 
stably express recombinant VE-cadherin ectodomain-Fc-6xHis fusion protein. The soluble, 
secreted fusion protein was harvested and affinity purified. For MTC experiments, ferromagnetic 
beads (Spherotech, 4.9 µm in diameter) were covalently coupled to Fc-tagged VE-cadherin 
ectodomains. 
 
 126 
Cell Transfection  
 
Cells were transfected by electroporation using the Neon Transfection System (Life 
Technologies, Carlsbad, CA). This method yielded >90% transfection efficiency of the plasmid 
constructs in HPAECs. One to two days prior to transfection, cells were plated into a T-75 flask 
so they would be ~80% confluent by the day of transfection. Before beginning the transfection 
procedure, 35 mm glass-bottom dishes (Cell E & G) were adsorbed with 20 µg/ml human 
fibronectin (Sigma-Aldrich, St. Louis, MO) in PBS for 45 min at room temperature. 250 µl 
culture medium was added to only the glass-bottom area of the dishes, which were then 
equilibrated at 37°C in a 5% CO2 humidified atmosphere. Cells were trypsinized and 
resuspended at a density of 5x106 cells/ml. Each 10 µl reaction mixture contained 0.5 µg plasmid 
DNA and 5x104 cells. The following electroporation parameters were used: pulse voltage of 
1150 V, pulse width of 30 ms, and 2 pulses. After electroporation, each 10 µl reaction mixture 
was added to only the glass bottom area of the 35 mm dishes. After one hour, 2 ml culture 
medium was added to each dish. Cells were grown to confluency for 48 hr after transfection. 
Transfected cells were identified by fluorescence microscopy of dsRed fusion proteins. 
 
Magnetic Twisting Cytometry (MTC) 
 
For details regarding preparation of beads for MTC and setup of experiments, please refer 
to Materials and Methods in Chapter 4.  
The custom-built MTC instrument was equipped with an inverted fluorescence 
microscope (Leica), a 20x/0.6NA objective lens, a charge-coupled device camera (ORCA2; 
Hamamatsu Photonics), and a heated stage for imaging live cells at 37°C. Only beads attached to 
HPAECs expressing dsRed fusion proteins were assessed for MTC experiments. HPAEC 
 127 
monolayers were grown on glass-bottom dishes to facilitate imaging. After 20 min of bead-cell 
contact, an oscillating field of 20 Gauss, equivalent to 2.4 Pa at a frequency of 0.3 Hz, was 
applied continuously for 120 s to induce a modulating shear stress on the beads. 
 
Immunofluorescence  
 
Immediately after applying bond shear by MTC, ECs were washed in PBS and fixed for 
15 min in 4 w/v% paraformaldehyde at pH 7.4. ECs were then permeabilized for 5 min with 0.1 
v/v% Triton X-100 in PBS and blocked for 30 min in 2 w/v% BSA in PBS at pH 7.4 (blocking 
buffer). Rhodamine-phalloidin (Invitrogen), primary, and secondary antibodies were diluted 
1:100 in blocking buffer and incubated with cells for 1 h. Primary antibodies included goat 
polyclonal anti VE-cadherin (sc 6458, Santa Cruz Biotechnology) and mouse monoclonal anti-
vinculin (V9131, Sigma-Aldrich). Secondary antibodies included anti-goat IgG-FITC (F7367, 
Sigma-Aldrich, St. Louis, MO) and anti-mouse Alexa 647 (Invitrogen). Cells were mounted with 
ProLong Gold Antifade Reagent (Invitrogen). 
Microscopy was performed with a Zeiss LSM 700 laser-scanning confocal microscope 
equipped with a Plan Apochromat 63x/1.4 NA oil immersion objective lens (Zeiss). Eight-bit 
512 x 512 images were acquired with a digital camera, a 2-channel spectral detection system, 
and sequential line-by-line scanning using ZEN 2008 software (Zeiss). Sections along the optical 
(z) axis were acquired.  
 
6.3 Results 
 
6.3.1 Impact of Disease-Associated Cortactin SNP on Endothelial Mechanosensing 
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 In Chapter 4, I demonstrated that VE-cadherin complexes are mechanosensitive. MTC 
experiments (143) were used to apply a shearing force directly to VE-cadherin-coated beads 
bound to VE-cadherin receptors expressed on the cell surface. Direct mechanical stimulation of 
VE-cadherin bonds triggered force-dependent cytoskeletal remodeling.  
In order to evaluate the impact of the cortactin SNP on the basal stiffness of VE-cadherin 
junctions, which reflects the cortical cell stiffness (195), mechanical stress was briefly applied to 
previously unperturbed bead-cell junctions. The cortactin SNP significantly reduced the stiffness 
of VE-cadherin junctions compared to non-transfected cells or those overexpressing WT-
cortactin (Fig. 6.3).  
In order to assess the impact of the cortactin SNP on the active reinforcement of VE-
cadherin junctions, a continuously oscillating field (20 Gauss, equivalent to 2.4 Pa of shear 
stress) was applied for 2 min. VE-cadherin bond shear induced a 22% increase in junction 
stiffness in non-transfected cells and a 12% increase in cells overexpressing WT-cortactin (Fig. 
6.4A). The cortactin SNP abolished force-induced VE-cadherin junction stiffening, and junction 
stiffness was significantly lower after 2 min of applied shear compared to both non-transfected 
cells (p = 4.82 x 10-6) and cells overexpressing WT-cortactin (p = 0.0035) (Fig. 6.4A,B).  
Interestingly, compared to non-transfected cells, overexpression of WT-cortactin 
diminished force-induced stiffening of VE-cadherin junctions by ~50%, after 2 min of applied 
shear (Fig. 6.4B); however, there was no difference in the temporal stiffening response 
throughout most of the time course of applied shear (Fig. 6.4A). Together, these results suggest 
an impaired ability of cells overexpressing the cortactin SNP to remodel VE-cadherin junctions, 
in response to force.  
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6.3.2 Impact of Disease-Associated Cortactin SNP on Regulation of Adherens Junctions 
 
In order to investigate the functional relevance of the cortactin SNP in the force-induced 
remodeling of adherens junctions, subsequent experiments visualized junction integrity and 
cytoskeletal rearrangements in HPAEC monolayers in response to exogenous mechanical force. 
Imaging adherens junction morphology is sufficient to assess junction integrity, stability, and 
molecular properties (260) and corresponds with permeability (93, 261). 
Experiments in Chapter 4 demonstrated that tension applied to apical VE-cadherin 
receptors propagates globally throughout the cell to remodel adherens junctions. Consistent with 
these results, shear applied to non-transfected cells induced remodeling of adherens junctions, 
distal from the site of applied shear (Fig. 6.5A). Formation of interendothelial gaps and 
diminished VE-cadherin staining at cell-cell junctions indicated that adherens junctions were 
disrupted. Similar to non-transfected cells, adherens junctions were also disrupted in cells 
overexpressing WT-cortactin (Fig. 6.5B). VE-cadherin bond shear did not trigger visible 
remodeling of junctions in cells overexpressing SNP-cortactin (Fig. 6.5C), and linear bands of 
VE-cadherin remained at cell-cell contacts. The absence of morphological changes in adherens 
junctions corresponds with mechanical measurements showing the lack of force-induced VE-
cadherin junction stiffening (Fig. 6.4A,B).   
 
6.4 Discussion 
 
 This study revealed that overexpression of a disease-associated cortactin SNP in 
endothelial cells diminishes the basal stiffness of endothelial VE-cadherin junctions and 
abolishes both force-induced VE-cadherin mediated cell stiffening and the propagation of 
mechanical force to induce remodeling of peripheral adherens junctions. These results suggest 
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that the cortactin SNP impairs local cytoskeletal remodeling at VE-cadherin junctions and the 
transfer of mechanical signals (either from or to VE-cadherin junctions), which may be important 
mechanisms for restoring barrier integrity.  
The capacity of endothelial cells to sense and respond to external mechanical forces, such 
as tension exerted by adjacent cells, may be an important mechanism of maintaining barrier 
integrity. Furthermore, coordination between the regulation of cytoskeletal tension and adherens 
junctions may be important for overcoming challenge with barrier disrupting agents such as 
thrombin. This hypothesis is supported by Dudek’s observation that HPAECs overexpressing the 
cortactin SNP failed to protect against thrombin-induced permeability, while overexpression of 
WT-cortactin attenuated barrier disruption. 
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6.5 Figures 
 
 
 
Figure 6.1 Regulation of actin by cortactin. Cortactin localizes at membrane protrusions 
(lamellipodia) and directly binds to actin and the actin related protein (Arp) 2/3 complex, which 
nucleates branched actin filaments. Cortactin also tabilizes newly polymerized actin filaments.  
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Figure 6.2. Structure of cortactin protein with the Ser484Asn SNP. Regulatory 
phosphorylation sites are denoted by triangles (red: Ser/Thr, yellow: Tyr). Purple circle indicates 
the site of the Ser to Asn disease-associated SNP.  
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Figure 6.3. Cortactin S484N SNP decreases the magnitude of VE-cadherin junction 
stiffness. Each point on the curve of non-transfected, WT- or SNP-cortactin HPAECs represents 
the mean of 1019, 136, or 163 different bead-cell pairs, respectively. Error bars represent 
standard deviation.  
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Figure 6.4. Cortactin S484N SNP diminishes stiffening response of VE-cadherin junctions. 
(A) Temporal percent stiffening response (n = 233 different bead-cell pairs for WT-cortactin; n = 
445 for SNP-cortactin; n > 1000 for non-transfected cells). (B) Percent change in junction 
stiffening after 2 min of applied force. Error bars represent standard deviation.  
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Figure 6.5. Impact of VE-cadherin shear on distal adherens junctions. (A) Non-transfected 
cells, (B) WT cortactin-dsRed cells, and (C) SNP cortactin-dsRed cells. Immediately after 
applying bond shear for 2 min to VE-cadherin receptors expressed on the apical cell surface, 
HPAECs were fixed and stained for VE-cadherin (green) and vinculin (purple). Only non-
transfected cells were stained for F-actin (red). Optical z-sections were acquired by confocal 
imaging using a 63x oil objective. The images displayed are 3D projections of acquired z-stacks. 
Images are representative of four independent experiments. Scale bars represent 20 µm.  
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Chapter 7: Conclusions and Future Directions 
 
7.1 Conclusions 
 
VE-Cadherin Mechanotransduction and Regulation of Endothelial Adherens Junctions 
 
This study demonstrated that mechanotransduction by vascular endothelial cadherin 
complexes in endothelial cells triggers local cytoskeletal remodeling and activates global signals 
that alter cell-cell contacts far from the site of force application. Using mechanical manipulation 
of VE-cadherin bonds in conjunction with confocal imaging, I demonstrated that VE-cadherin 
complexes are mechanosensitive, and associated mechanotransduction requires homophilic VE-
cadherin ligation, an intact actomyosin cytoskeleton, Rho associated protein kinase, and 
phosphoinositide 3-kinase. VE-cadherin-mediated mechanotransduction triggered local actin and 
vinculin recruitment, as well as global changes that altered focal adhesions and disrupted 
peripheral intercellular junctions. Confocal imaging revealed that VE-cadherin specific changes 
propagate across cell junctions to disrupt distant interendothelial junctions. These results 
demonstrate that VE-cadherin adhesions and the actomyosin cytoskeleton form an integrated, 
mechanosensitive network that both induces force activated junctional remodeling and regulates 
the integrity of endothelial tissues. 
 
Impact of Substrate Rigidity on Endothelial Cell-Cell Junctions 
 
 This study demonstrated that tissue mechanics (matrix rigidity) influences the regulation 
of endothelial adherens junctions in a Rho kinase-dependent manner. Furthermore, endothelial 
cell rigidity sensing modulates the activation of FAK in thrombin-induced remodeling of 
adherens junctions. Endothelial cells were grown on hydrogel substrates that mimic the 
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mechanical properties of the local tissue environment, and confocal imaging identified the 
impact of global cell tension on the architecture of both adherens junctions and associated 
cytoskeletal elements. Adherens junctions on rigid hydrogels exhibited more diffuse membrane 
protrusions, as well as interendothelial gaps associated with increased permeability. Cell 
monolayers displayed basal differences in cell morphology, adherens junction structure, and 
cytoskeletal organization in response to altered contractile stress associated with rigidity sensing. 
This study identified links between mechanical and signaling networks that couple global cell 
tension and cytoskeletal remodeling of adherens junctions. 
 
Role of VE-Cadherin Mechanotransduction in Disease 
 
This study identified a role for VE-cadherin-based mechanotransduction in the 
maintenance of vascular endothelial barrier integrity, and linked alterations in the mechanical 
regulation of endothelial cell-cell junctions with human disease. Experiments involved human 
pulmonary artery endothelial cells expressing a disease-associated polymorphism in cortactin, a 
cytoskeletal adaptor protein. This study revealed that the cortactin SNP diminishes the basal 
stiffness of endothelial VE-cadherin junctions and abolishes both force-induced VE-cadherin 
junction stiffening and the propagation of mechanical force to induce remodeling of peripheral 
adherens junctions. These results suggest that the cortactin SNP affects the regulation of 
endogenous cell tension, which is necessary for VE-cadherin mechanotransduction and 
remodeling of adherens junctions.  
 
In summary, results of these studies demonstrate that cadherin adhesions are 
mechanosensitive signaling hubs that regulate both local cytoskeletal remodeling and global cell 
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tension. Importantly, cadherin mechanotransduction has the capacity to propagate signals across 
the cell monolayer, distant from the site of mechanical force stimulation. Mechanical regulation 
of endothelial cell-cell junctions is an important mechanism of maintaining barrier integrity 
when challenged with physiological or pathological stimuli that impact endogenous cell tension. 
These stimuli include pharmacological agents such as thrombin, and physical forces in the cell 
environment such as matrix rigidity and tension exerted by adjacent cells. Mechanical regulation 
of interendothelial junctions requires an intact, contractile actomyosin cytoskeleton, and 
alterations to cytoskeletal signaling mechanisms, such as expression of a disease-associated 
cortactin SNP, affect the mechano-response. These studies establish the importance of VE-
cadherin mechanotransduction in endothelial homeostasis and disease.  
 
7.2 Future Work 
 
In the first study, I demonstrated that like PECAM-1, VE-cadherin mechanotransduction 
induces global signaling that depends on the activation of PI3K and ROCK. The similarities 
between VE-cadherin and PECAM-1 junction stiffening suggest that they might share common 
mechanotransduction pathways (89). A remaining question is whether PECAM-1 and VE-
cadherin receptors are mechanically coupled to trigger downstream signaling. To test this, cells 
could be pre-incubated with an anti-PECAM-1 antibody to block PECAM-1 receptors, prior to 
application of VE-cad bond shear by MTC. This experiment would demonstrate whether or not 
PECAM-1 bond shear mechanically perturbs VE-cadherin. 
Additional studies are necessary to determine the biochemical mechanism of long-range 
effects of VE-cad mechanotransduction. Although experiments revealed the dependence of VE-
cadherin mechanotransduction on ROCK, whether RhoA activation is a direct result of VE-
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cadherin mechanotransduction, or is due to integrin activation, for example, is unclear. 
Combined MTC and FRET imaging experiments performed with cells transfected with a RhoA 
FRET biosensor (262) could determine whether force applied through VE-cadherin junctions 
induces GTPase signaling locally, at the site of force application, or at basolateral junctions.  
Also unclear is whether activation of PI3K occurs as a direct result of VE-cadherin 
mechanotransduction. MTC experiments in conjunction with imaging could be performed with 
cells expressing a GFP-AKT PH fusion protein that serves as a reporter of PI3K activity (263).  
Another remaining question is how VE-cadherin adaptive stiffening correlates with 
physiologically relevant endothelial cell changes. Live cell imaging of adherens junctions 
activated by thrombin may reveal junction remodeling associated with barrier changes, such as 
endothelial gap formation and resealing. As an alternative to MTC, signaling pathways linking 
mechanosensing and adherens junction remodeling could be investigated by applying mechanical 
cyclic stretch, a physiologically relevant mechanical stress, to cell monolayers.  
In the study examining the impact of matrix rigidity on the regulation of endothelial cell-
cell junctions, experiments should further examine the role of FAK in regulating mechanical 
forces that impinge on cadherin function. FAK phosphorylation at Tyr-397 is involved in 
mechanosensing (228). Furthermore, phosphorylation at Tyr-397 resulted in FAK localization to 
the leading edge of motile endothelial cells (229), and expression of a FAK mutant (Y397F) in 
fibroblasts did not affect the remodeling of focal adhesions in response to mechanical stimulation 
(225, 230). There are additional phosphorylation sites on FAK, such as Tyr-576 (237), but the 
role in mechanosensing is unclear. In addition to FAK tyrosine phosphorylation, serine sites on 
FAK are heavily phosphorylated (237). Differential residue-specific FAK phosphorylation may 
result in differences in FAK-dependent functions, such as Rac or Rho GTPase activation, at 
 140 
either adherens junctions or focal adhesions. Experiments could quantify levels of FAK 
phosphorylation at these various sites, in thrombin-stimulated cells cultured on hydrogel 
substrates.   
Furthermore, it is unclear whether FAK localizes at cadherin junctions to biochemically 
modulate junctions through increased local kinase activity. Experiments should assess the 
spatiotemporal dynamics of FAK activation that modulate functional changes in endothelial 
monolayers. Cells may be transfected with a FRET-based FAK biosensor that can specifically 
detect the phosphorylation of FAK at Tyr-397, indicated by the ECFP/YPet emission ratio 
(Yingxiao Wang, UIUC (264)). This would enable examination of local changes in FAK 
activation in response to acute exogenous stimulation of endothelial cells with thrombin, which 
disrupts adherens junctions. Live cell imaging could be combined with MTC experiments to 
identify force-dependent signaling events that couple matrix rigidity sensing with endothelial 
barrier regulation. By using MTC with simultaneous live cell imaging, there is a significant 
advantage gained by being able to identify the force-dependent activation of signaling cascades. 
When HPAECs were stimulated with thrombin, FAK co-localized maximally at 10 min with 
p120-catenin at adherens junctions (265) and was required for re-annealing of junctions (235). 
Thus, I predict local FAK activation at cell-cell adhesions that directs actin-mediated 
lamellipodial formation and facilitates re-annealing of junctions. On stiff 24 kPa substrates, I 
predict increased FAK-mediated, actin-dependent cell contractility at focal adhesions. I expect 
this increased ECM-generated cytoskeletal tension to overwhelm the recovery of barrier integrity.  
Finally, while imaging adherens junction remodeling correlates with barrier integrity, a 
limitation is that these studies do not provide a direct assessment of barrier permeability. 
Permeability can also be measured by quantifying the amount of 40 kD fluorescein 
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isothiocyanate (FITC)-dextran that travels across the endothelial monolayer into the hydrogel 
(100).  
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Appendix A 
 
A.1 VE-Cadherin-Fc Protein Production 
 
As described in Chapter 4, Chinese Hamster Ovary (CHO-K1) cells were transfected 
with the plasmid containing the tagged VE-cadherin-Fc insert, using Fugene 6 (Roche, 
Indianapolis, IN). The stably transfected CHO cell clones expressed soluble VE-cadherin-Fc 
protein into the cell culture medium, which was analyzed by western blotting. Clones 1, 4, 5, and 
6 expressed the highest amount of VE-cadherin-Fc, with clone 5 showing the highest expression 
of protein (Fig. A.1). Clone 5 cells were expanded for harvesting protein.  
 
A.2 Effects of Inhibitors on EC Monolayer Integrity 
 
As described in Chapter 4, local, VE-cadherin-mediated adaptive stiffening corresponded 
with increased recruitment of vinculin and F-actin to VE-cadherin coated beads. The mechanical 
response required PI3K and ROCK, organized actin, and myosin II. The role of these 
components in long-range remodeling of EC monolayers was not further explored because 
inhibitors of these components destabilized interendothelial junctions, independent of force 
application. Both treatment with cytochalasin D and blebbistatin induced formation of 
interendothelial gaps (Fig. A.2A,B). Cytochalasin D abolished F-actin fibers and organization. 
Nocodazole treatment, which increases actomyosin contractility, induced the formation of F-
actin stress fibers throughout the cell, diminished cortical F-actin, and disrupted peripheral 
adherens junctions (Fig. A.2C). These effects are similar to those induced by pro-inflammatory 
stimuli such as thrombin (204). In comparison, untreated cells were characterized by cobblestone 
cell morphology, intact cell-cell junctions delineated by VE-cadherin and cortical F-actin 
organized around the cell periphery (Fig. A.2D).  
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Inhibition of PI3K with LY294002 similarly disrupted cell-cell junctions, but the overall 
effects were not as obvious as the other inhibitors (Fig. A.3). Cells treated with LY294002 
displayed cell-cell junctions with a ruffled morphology, but the organization of F-actin was not 
affected. Application of VE-cadherin bond shear did not significantly alter the appearance of the 
EC monolayer.  
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A.3 Figures 
 
 
 
Figure A.1. VE-cadherin-Fc protein production. Western blot of CHO cell clones expressing 
VE-cadherin-Fc.   
 145 
 
 
Figure A.2. Impact of cytoskeletal inhibitors on EC monolayer integrity. (A) EC monolayers 
were treated with 4 µM cytochalasin D for 20 min, (B) 100 µM blebbistatin for 20 min, or (C) 
20 µM nocodazole for 30 min. (D) Untreated cells. Cells were bound with beads coated with 
VE-cadherin-Fc, and no shear stress was applied to beads. Images represent > three independent 
experiments, scale bars represent 20 µm. 
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Figure A.3. Inhibition of PI3K disrupts cell-cell junctions. EC monolayers were treated with 
30 µM LY294002, an inhibitor of PI3K, for 20 min. Shear stress (2.4 Pa) was applied for 2 min. 
Images represent > three independent experiments, scale bars represent 20 µm. 
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